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PREFACE 


In our department, a center for rheumatic and bone diseases, we bad the 
occasion to examine and study patients with industriai fluotosis. We already 
knew from out den\\s\ coWtagues about the usefulness of small doses of 
fluorides in the prophylaxis of dental caries, and uc were aware that clinical 
trials were underway trying medium doses of fluorides in the treatment of 
osteoporosis. Our fluoroiic paiienis who had ingested too high doses of 
fluorides demonstrated the important bone changes fluorides can induce. 
To be able to use fluorides for stimulation of a deficient bone would be a 
major step fotward m the tieatmtnt of such a ftttjutM disease, gencraVned 
osteoporosis 

The moment seemed opportune to gather together the experts in sarJous 
fields of fluoride research and to discuss with them different aspects in order 
to evaluate the fluoride induced bone changes and their possible benefit for 
osteoporotic patients. 

A symposium was OTgamtcd wvth thepteoous cofiaborotion of Dr. W. M. 
ZiNN, chairman of the Swiss Society of Physical Medicinii and RheumaU>- 
logy, Professor B Coitrvojsier, La Chaux-de-Fonds, and Dr. T. L. Viscutw, 
formerly from our department. It took place in a related atmosphere at the 
cheerful spa Bad Ragaz, Switzerland, on April J7th to 19th, 1969. The results 
are definitely useful* Issues on the mode of action of fluorides were clarified 
the toMc effects were evaluated, and the therapeutic trials presented showed 
encouraging results. 

The suCOTS or this meeting ,s due to the participants t.ho bn)ui.htv.;ih 
(hem them knowledge and interest in this held. The material assistance pro. 



< or difhisc hotiy atrophy is a common disease, characterized 
I’c'd hy a (or’S of hone mass. Little i.s really known about its pathogenesis 
and etiology atul, thcrcrorc, no .specific treatment is available, Until now, 
mint drugs ['roposed for treatment have proved unsatisfactory. On X-ray 
lilnis. osteoporotic bone looks very radioluccnt. The opposite was observed 
in cases of skeletal fluorosis, where one of the characteristics is increa.sed 
radtoop.icity of the skeleton. This drew the attention to fluorides as possible 
therapeutic agents in osteoporosis, 

I'Atcnsivc work has been done during the last years on the biological 
ellccts of fluoride, I'luoride ions arc taken up almost exclusively by the 
bones, where they exert their cncct. In a medium do.se, fluorides seem to 
siitnulatc bone form.-iiion, induce .somewhat increa.sed resorption and cause 
changes in (he degree of mineralization. Since the stimulating activity pre- 
vail-, over hone resorption, as will be shown in this volume, the net result is 
an increase in hone mass. Thus, a favourable action of fluorides in the treat- 
ment of osteoporosis seems possible. 

fns'Cstigators in the field of fluoride represent widely dificrent areas such 
as biochemistry, public health, dentistry, anatomy, veterinary medicine, 
internal medicine, etc. Many data arc accumulating and the need for assem- 
bling them becomes urgent. The present volume attempts to give an up-to- 
date account on fluorides in view of their possible use in the treatment of 
osteoporosis. 

The first section is devoted to basic facts about fluorides, including their 
influence on enzymes, and two reports of their action on the bones of labo- 
ratory animals. New insights not only arise from the experimental data but 
also from the thoughts and suggestions of the authors. One paper examines 
a much neglected experimental side of the study of fluorides, their influence 
on the strength of the altered bone. The best documented beneficial effects 
of fluorides arc found in caries prophylaxis. The paper reviewing this field 
demonstrates that there is only a partial parallel with bone. 

The possible toxic effect of fluorides are likely to cause public concern as 
observed in the past in relation to caries prophylaxis and fluorosis. It was 
therefore appropriate to include a chapter about the chronic toxicity of 
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anorganic fluorides In the second section, four papers deal with difTerent 
aspects of fluorosis. High dose ingested during many years may lead to 
fluorosis, and m some cases to its crippling form. The doses necessary to 
induce these alterations are extremely high and the ingestion period must be 
long, both in excess of the therapeutically used values. 

The third section of this volume deals with fluoride in the treatment of 
osteoporosis. The evaluation of the effect of therapeutic agents in osteo- 
porotic patients is a difficult task requiring long-term follow-ups and elab- 
orate studies. Three new series of patients adequately studied by bone 
biopsies and partly with metabolic studies arc reported. In contrast to reports 
on other drugs, there seems to be a benefleial cITect of fluoride. But several 
problems arise such as treatment-schedules, dosages and the possible need 
for additional therapy. 

The last paper critically reviews some of the facts presented in this volume, 
emphasizing the problems which should be solved in controlled studies be- 
fore fluorides can be recommended for use. The papers included in this 
volume ate not aimed at giving a definitive answer whether fluorides will 
ever be useful in treating osteoporosis. But perhaps they show where we 
stand at this moment and they may be helpful as an up-to-date reference 
source providing ideas for future research in this promising field. 

T. L.ViscntR 
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1 lie cliiKiqc t which occur hi chronic fluorosis, such as mottling of teeth and 
skeletal dlcci^, arc prohahly secondary to cellular disfunction, caused by 
toxic levels of fluoride in the vicinity of the cells. This intcrfcarcncc of cell 
fimctioii may he related to inhibitory cfTecls of fluoride on specific enzyme 
systems. With this rather optimistic premise in mind, we will try to discuss 
the problem of the iniiibition of variou.s enzymes by fluoride and sec what 
kind of practical conclusions one can draw from this type of rc.scarch. 

.si;n.siti v/Tv or enzymes to fll/oride 

When one studies the inhibition of an enzyme, one can first investigate 
the problem of sensitivity, in term of doses of fluoride needed for liminal 
and for 50% inhibition. The activity of the enzyme is determined in the 
presence of increasing concentrations of the halide ion, and the results are 
usually expressed in percentages of remaining activity, as a function of the 
logarithm of the fluoride concentration. 

Two examples of results obtained in such investigations are shown in 
Fig. 1 and Fig. 2. 

Fig. 1 shows the percentages of remaining activity of a preparation of 
erythrocyte cholinesterase, in the presence of increasing concentrations (log) 
of fluoride. 

Fig. 2 shows the activities of a preparation of bean urease, in the presence 
of various concentrations of fluoride. In both cases a straight line was 
established on the scmilogarithmic plot, and the pi 50 values could be de- 
termined. 

It has been usually shown that the concentration of halide ions needed for 
the liminal inhibition of enzymes in vitro is higher than that which has been 

* The investigations in the author’s laboratory were supported by the Swiss national 
fund for scientific research (grants n. 2478 and 4908.3), and by the Swiss odonto- 
logical society. The help of Dr. D.A.B. Young and Prof. E. Stein is gratefully 
acknowledged. 
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Fig. \. AcvwiUes of a preparation of bovine red blood cell acetylcbolinesterase in 
the presence of increasing concentration of fluoride. The liminal concentration of 
fluoride, needed for enzyme inhibition, is between I and 5 ppm. The p\„ value of 
this enzyme preparation is 50 ppm. 



Fig. 2. Activities of a preparation of bean urease in the presence of increasing eon- 
ceatraucinof fluonde About 5 ppm F' are needed to start inhibition of this enzyme 
in vitro, and the pI,o value is about 50 ppm. 


reported to occur m the blood of people drinking fluoridated water (2, 29, 
32) Precise data on this point can be found in the literature concerning 
enolase (31), acid phosphatase (31), cholinesterases (9), carboxylase fI5), 
lipase (15j There are also enzymes whose activity is stimulated in the pres- 
ence of low concentrations of fluoride (4). 

RAPIDITY OF FLUORIDE INHIBITORY ACTION 

It IS usualJj’ observed that as soon as fluoride is introduced in the medium 
of the enzymatic assay, inhibition of the fluoride sensitive enzyme will 
immediately take place. 

Fig. 3 and 4 give two examples of tins phenomenon, the first with acetyl- 
cholinesterase, the second recently observed with enohsc rn our laboratory 
fa both cases, the method used for the determination of enzymatic activity 
was a photometric kinetic assay, whereby the increasing concentration of 
the products of reaction are measured with time. One can notice that the 
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Fig. .1. Rapidity of the initibitory action of tluoridc upon acetylcholinesterase. 
Inuring the pitotomctric assay, the introduction of fluoride in the reaction mixture 
is followed by an immediate decrease of the slope measuring the activity of the 
enzyme. Abscissae: time (minutes). Ordinate: absorbancy at 412 mp. 

presence of fluoride causes an immediate change in the slope measuring the 
enzyme activity. 

REVERSI BI LITY 

Although the literature is not abundant on this particular point, a third 
important character of the inhibition of enzymes by fluoride seems to be its 
reversibility: if one dialyses an inhibited enzyme, if one passes it through a 
column of Sephadex or Retard-ion resin, if one simply dilutes the inhibited 
enzyme in a medium without fluoride, one will observe a reversal of the 
inhibition. 

Fig. 5 presents the results of a study of reversibility of the inhibition of 
acetylcholinesterase by fluoride, obtained by dialysis (9). 

Here again a practical implication can be pointed out, pertaining to ob- 
servations of enzyme inhibition in vivo. In experimental studies, enzymes 
are usually measured in blood or tissue homogenates after dilution in suit- 
able buffers. If an animal has been exposed to toxic levels of fluoride, it 
would be misleading to measure its enzymes by classical methods, since 
dilution could lead to the at least partial reversal of the inhibition under 
study, which could actually be present in vivo. 

For such studies one has therefore to use methods of enzymatic assays 
in which the enzyme is kept in the same biological medium, in which it is 
found in vivo. 


PWoti(3e and enzymes 
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Fig 4 Rapidity of the inhibitory action of fluoride upon enolasc. Abscjssea- tvjne 
(minutes) Ordmate absorbancy at 240 ni|t 



Fig 5 Rcvccsibility of fluonde inhibition of acetylcholinesterase by dialysis 
• Activity of a preparation of enzyme in the presence of 90 ppm of fluoride at time 
zero, and d/alysed against a suirabfe phosphate buffer. 

■ Activity of a control preparation, in the absence of fluoride, similarly dialyzed 
against buffer 

Abscisse time of dialysis (hours). 

Ocdmaic enzyme activities (slope or A A) 

mechanism 


As for tht mechaiusm of enzyme inhibition by fluoride, this problem has 
been for many years dominated by the model first proposed by Warburo 
and OmsniAN in 1942 (34, 5) TheK authors observed, with crystalline 



18 


Mode of Action of FJuoride 


cnol.'isc rroni yeast, (hat fluoride inhibition resulted from the formation of 
a niiiijncsium-nuorophosphatc complex. The mechanism was confirmed by 
Mti.t.CK in 1958 (22) and, in view of the importance of the enolase reaction 
its an energy producing step in glycolysis in a multitude of vegetal and animal 
organisms, it was postulated as a basic mode of action of fluoride by toxi- 
cologists, bacteriologists and dental investigators (15, 33). 

Since a v.'iricty of phosphate ester splitting enzymes also require Mg^'^ as 
activator, the blocking of those enzymes by fluoride was always investigated 
under the hypothesis of (he magnesium-fiuorophosphate complex. This has 
been in particular the ease of phosphoglucomulase, the enzyme catalysing a 
reaction (glucose 6-phosphatc -j- glucose 1 -phosphate), which is important 
not only in mammalian carbohydrate metabolism (23), but also in vegetal 
growth, as the starling point of polysaccharide synthesis for the construction 
of new cell walls (25). 

In 1964, Pf.tcrs, Siiorthouse and Murray (26) have cast some doubts 
on the demonstration of Warrurg and Christian, by showing that enolase, 
from either muscle or plants, was not inhibited by fluorophosphate, a diva- 
lent ion (F. PO,"') capable however of forming a complex with magnesium. 
In a medium containing 30 m M of Mg++, these authors have shown that 
enolase could be inhibited up to almost 100% by a concentration of 5 mM 
of F“ (95 ppm) and in the presence of 5 mM of phosphate. 

When fluoride and phosphate were however replaced by 5 or even 10 mM 
of fluorophosphate, no inhibition of the enzyme occurred. 

The demonstration of this group of English biochemists, that the forma- 
tion of a magnesium-fiuorophosphate complex could also not be the real 
mechanism of enolase inhibition by fluoride, was corroborated by the findings 
that other enzymes, which do not need any metal ion cofactors, can strongly 
be inhibited by the halide. This is for instance the case of 5-adenylic acid- 
deaminase from muscle, as shown by Nikiforuk and Colowik (24) and of 
cholinesterase and urease, both of which have been studied in detail in our 
laboratory (9, 13). 

Using a preparation of acetylcholinesterase that we had purified by column 
chromatography on DEAE cellulose, we could show that this enzyme is 
inhibited by fluoride in the absence of magnesium and phosphate (9). Urease, 
another enzyme without metal ion cofactors, is also inhibited by fluoride, 
with a mechanism which seems to be quite similar to that of the cholinesterase. 

In this investigation, the enzyme preparation was purified through Sephadex 
G 25 and thus completely deionized; again, the enzyme could be inhibited 
by fluoride in the absence of phosphate and magnesium (13). 

Studies on the kinetics of enzyme inhibition by fluoride are not abundant. 
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In 1952, Slater and Bonner have shown that the inhibition of succinic de- 
hvdtogenase by fluoride is competitive with respect to the substrate, when 
phosphate ions are aiso present (30). Using the classical plot of LinenvEAVER 
and Burk (21), these authors have shown that the lines representing enzyme 
activities, in the absence or in the presence of fluoride, are converging on 
the ordinate axis In the absence of phosphate, very little inhibition could 
be observed by the halide Phosphate alone could also slightly inhibit the 
enzyme, and a competition between fluoride and phosphate for the enzyme 
active site could be established. Interestingly enough, adding magnesium or 
manganese to the reaction mixture had no effect on the inhibition by fluoride 
and phosphate 

An inhibition also of the competitive type was shown in 1955 by REtNtn, 
Tsuboi and Hudson, who studied the interaction of fluoride with prostaiic 
acid phosphatase. 

In this case, no phosphate was added to the reaction medium, but one 
could argue that some inorganic phosphate was present as the product of 
the reaction Oxalate and citrate could be shown to reduce to a great extent 
the inhibition of acid phosphatase by fluoride, which suggested to the 
authors either a combination of those ions with fluoride, or a competition 
with the halide ion, for a positively charged group on the active site of the 
enzyme (27) 

This second hypothesis confirms the findings of Slater and Bonner con- 
cerning the interaction of fluoride and phosphate on a common actn’c site 
of succinic dehydrogenase 

As already mentioned, cholmcstciase and urease are inhibited by fluoride 
m the absence of phosphate and magncsiutn. 


...v KJii me lower line represent the reciprocal values of the enzyme 
activities found m the presence of increasing concentrations of substrate 
(Pig. 6) 

The points on the upper hneconcspondto the reciprocal values of enzyme 
initial velocities, found with the same substrate concentrations, but in the 
presence of 45 ppm fluoride. The lines are parallel, indicating a rare type of 
inhibition, the so-called uncompeutive inhibition (35). Parallel linerwere 
also obtained on the so-called Dixon plot, as shown in Fig 7 thus con 
firming the above findings. * ' 

or ,„.,.,ioo 4 flooHde „h.h had ™ ^ 
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Fig. 6. LiNi.WTAVrR-IiuuK plots of human red blood cell acetylcholinesterase activ- 
ity: • in pure phosphate bulTcr; a in the presence of 45 ppm fluoride. Eight 
substrate concentrations were used. (O^x AA/min. was used as a measure of v. 
(Reproduced with tiic permission of the editors of the Biochemical Journal, refer- 
ence No. 9.) 

CURZON in 1960, concerning (he action of fluoride on caeruloplasmin (11). 
Similar kinetic data have been found in our laboratory on the inhibition of 
urease by fluoride (13), Lee and Wang have recently studied the kinetics of 
(he inhibition of 5-adcnilic acid deaminase by fluoride and confirmed our 
observations on cholinesterase and urease, In the absence of ATP, which is 
a potentiator of this deaminase, the inhibition of the enzyme by fluoride 
was found by these authors to be of the non-competitive type (lines con- 
verging on the abscissae axis on the Lineweaver -Burk plot). In the presence 
of ATP, the inhibition was uncompetitive, with parallel lines on the afore- 
mentioned plot (20). 

It is known that kinetic data can only give a partial and indirect picture 
of the actual mechanism of inhibition. Furthermore, no data are available, 
to our knowledge, concerning the kinetics of inhibition of enolase by fluo- 
ride. In spite of these limitations, a tentative explanation and summary of 
our present knowledge on the mechanism of inhibition of enzymes by fluoride 
is given in Fig. 8. 

In the upper part of Fig. 8 one can see the schematic formation of an 
enzyme-substrate (ES) complex, such as it is thought to be formed, as passing 
intermediate step, in any enzyme catalyzed reaction. The ES complex is 
formed, for some enzymes, only in the presence of a metal ion cofactor. Its 
formation is followed by the appearance of the products of the reaction, 
while the enzyme remains unchanged. 

In the presence of fluoride, if we exclude the formation of the magnesium 
fluorophosphate complex, three possibilities seem to occur, according to the 
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Fig 7. Dixon (— -F") plot of human red blood cell acetylcholinesterase activity in 
the presence of two substrate concentrations. 




on the active site of the Phosphate, for a group 

Example, the inhibition of succinic dehvdm competitive. 

(2) The hahde binds direcw r 
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hS complex will however not be dissociated, and the reaction is therefore 
inliihitcd (non-competitive inhibition). Example: the inhibition of 5-adenylic 
acid deaminase in the absence of ATP (20). 

(3) 7 lie halide will bind to the enzyme, only after this has undergone the 
conformational changes imposed by the substrate. This ES complex, bearing 
the iluoridc, will ai.so remain undissociated, and the reaction is therefore 
iniiibitcd (uncompetitive inhibition). Examples: the inhibition of cholin- 
esterases, of urease, of S-adenylic acid deaminase in the presence of ATP, 
of caeruloplasmin (9, 13, 20, 1 1). 

Studies arc now under way, by using techniques of gel filtration, which 
should allow the more direct demonstration of some of the mechanisms just 
illustrated (10). 

FLUORIDE AND THE CELL 

The action of fluoride on enzymes may be the basic mechanism by which 
one can explain many of the pharmacological effects of the halide. However, 
no major conclusions can be drawn from this area of research, until the 
action of fluoride will be thouroughly determined on metabolic systems as 
they actually occur in the cell. 

At least four points should be mentioned in this part of the discussion; 

(1) The passage of fluoride in the intracellular fluid. 

(2) The effect of fluoride upon the permeability of cellular membranes. 

(3) The effects of fluoride upon ion transport across cellular membranes. 

(4) The effects of fluoride upon cell growth. 

-As for the first point, passage of fluoride in the intracellular space, 
Carlson, Singer and Armstrong have shown that this varies with the 
nature of tissue (6). After administration of radioactive fluoride to rats, the 
authors have determined in various soft tissues and in plasma, the radio- 
fluoride concentrations, expressed in counts per microequivalents of chlo- 
ride. They have then determined the ratios of radiofluoride concentrations, 
so expressed, in various organs to that of plasma. Since chloride is essentially 
an extracellular ion, a ratio greater than one indicates a penetration of fluo- 
ride into the intracellular compartment. Muscle, liver and tendon showed 
values above 2, but brain tissue bad the lowest ratio (0.4), indicating a 
barrier to the passage of fluoride into the intracellular space. Data con- 
cerning hard tissues were not available in this study, but the well knov\m 
sensitivity of bone cells to fluoride could profitably be investigated in terms 
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ot mtecellulat j assaje. In studying thi: inhibition of yeast growth by fluo- 
ride, Rothman and Cabis (28) have reported that the permeability of these 
cells to fluoride is practically suppressed when the pH passes from 5.2 to 6.4. 
This could explain the well known greater sensitivity of salivary microorgan- 
isms to fluoride at pH 5 than at neutrality (18). 

-Fluoride probably affects the permeability of cellular membranes. Con- 
c«ri\ir\g thi^ secorid powi, WiLtRANDi showed m 1940 that 20-40 mM of 
fluoride causes human erythrocytes to shrinkand beeome resistant to osmot/c 
haemolysis, due to rapid loss of potassium from the cell (36). A rapid in* 
crease in efilux of potassium was also shown, under the influence of fluoride, 
by Daniel (12), who has used rat uterin homs, in vjiro. Finally, a leakage 
of nucleotides from the cell has also been postulated by Carlson and Sumt 
as an explanation for the decrease In ATP concentration that these authors 
have reported m HeLa cells exposed to 30 ppm F" (8). 

-Changes fn permeabi'h'ty due to fluoride could also be the consequence 
of a mod^fled ton ttattspott mecantsm across eeflulai membranes. An inhib’i* 
tion of sodium extrusion from erythrocytes has been reported by .Kirschntr 
m Ihe presence of 4 6 x IO-> M fluoride (87 ppm) (16). It is known that this 
effect IS due to the inhibition or the Na* and K* dependent ATPase, which 
IS considered to participate in the active ion tcanspott (27). An inhibition of 
this enzyme was noticed already at 0.3 mM fluoride (5.7 ppm). 

-Finalty, recent studies using cultures of cells have allowed direct obser- 
vations on Ihe action of fluoride upon cellular grow* and metabohsm 


V.... ,.c.A.o„., wno srutlieo Itaoride action upon grorvfh of 

eukemm lymphoblasts fl) Experiments using ■•C-labeUcd glucose in cul- 
lures of HeLa cells have showr “ 
well as CO, production are not 

or fluoride (30ppm). In spileof t.„. ...» action by fluoride upon glycolysis 

and KMBscvcle, the cells giowinj such Medium showedadecrelsl in 

concentration of ATP, which could, as alteadv . e a 

leakage of nucleolides from the ceils (8). out, be due to a 
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CONCLUDING REMARKS 

Tlic clafti presented in our last chapter should be a valid demonstration 
tliat the basic action of fluoride upon cellular metabolism cannot be ex- 
plained only in terms of effects upon various enzyme systems. This consid- 
eration is confirmed by the investigators who have studied the influence of 
the halide ions upon the metabolism of salivary bacteria, as a possible 
e.Kplanation of its cariostatic action (19). 

It is however not excluded that, with the progress which is being made on 
the understanding of the nature and location of intracellular metabolic 
phenomena, the peculiar property of fluoride as an inhibitor of enzymes 
could one day lead to a rewarding result. 

REFERENCES 

1 Aliirigiit, J. a.; Inhibitory levels of fluoride on mammalian cells. Nature 203, 
976 0964). 

2 Armstrong, W. D., Singer, L., Einsinck, J., and Rich, C. : Plasma fluoride 
concentrations of patients treated with sodium fluoride. J. Clin. Invest. 43, 
555 (1964). 

3 Armstrong.W.D.; Sodium fluoride and cell growth. Brit. Med.J. J, 1435(1965). 

4 Arrigoni, O., and Marrb, E.: Effect of adenosine phosphates on the direct 
oxidation of glucose-6-phosphate by plant extracts. Giorn. Biochim. 4, 1 (1955). 

5 Borei, H.: Inhibition of cellular oxidation by fluoride. Arkiv. Kemi. Mineral. 
Geol. 20 A (8), 215 (1945). 

6 Carlson, C. H., Singer, L., and Armstrong, W. D. : Radiofluoride distribution 
in tissues of normal and nephrectomized rats. Proc, Soc. Exp. Biol. Med. 103, 
418 (1960). 

7 Carlson, J.R., and Suttie, J.W.; Effects of sodium fluoride on HeLa cells. 

I. Growth, sensitivity and adaptation. Exp. Cell. Res. 45, 415 (1967). 

8 Carlson, J.R., and Suttie, J.W.: Effects of sodium fluoride on HeLa cells. 

II. Metabolic alterations associated with growth inhibition. Exp. Cell. Res. 45, 
423 (1967). 

9 CiMASONi, G.; Inhibition of Cholinesterases by fluoride in vitro. Biochem. J. 
99, 133 (1966). 

10 CiMAsoNi, G., and Young, D.A.B.: The binding of fluoride to albumin as 
studied by gel filtration. Orca Congress, Basle, July 8-10 (1968). 

11 CURZON, G.: The effects of some ions and chelating agents on the oxidase 
activity of caeruloplasmin. Biochem. J. 77, 66 (1960). 

12 Daniel, E.E,; Potassium movements in rat uterus, studied in vitro. II. Effects 
of metabolic inhibitors, ouabain and altered potassium concentration. Canad. 

J. Biochem. Physiol. 41, 2085 (1963). 

13 Descoeudres, A., and Cimasoni, G.: The inhibition of urease by fluoride in 
vitro. I.A.D.R. Continental european division. Fifth annual meeting. Roma, 
Oct. 5, 6 (1968). 



Fluoride and enzymes 


25 


N Hewm E 1.. and NicHOUs, D 1 D.: Cations and anions: inh.biioni and 
interactions in metabolism and in nnzjnne aclivily. In: Metabolic Inhibitors, 
vol II, ch 29, p. 311. Ed by: Hochster, R.M , and Quastel, J H. Academic 
Press (1963) 

15 Hodoe, H.C . and Smith. E.A , m* Fluot'me Chcmmty Ed. by Sssvoss, 3.H. 
Academic Press, N.Y. and London, p 176 (1965). 

J6 Kirschner, L B • Fluoride mhibiuon of sodium extrusion from swine erythro- 
cytes and it’s metabolic correlates Archs Biochem. Biophys /Od. 57 (1964). 

17 Krupka.R M .Fluondeinhibitionofacetylcholinestcrase. Mol. Pharmacol. 2. 
558 (1966). 

18 Jenkins, G.N. The effect of pH on the fluoride inhibition of salivary acid pro- 
duction. Arch- Oral Biol 7.33(1959) 

19 Jenkins. G N , Ferguson, D.B, and Eogax. W.M. Fluoride and the meta- 
bolism of salivary bacteria. Helv Odont Acta //, 2 (1967) 

20 LEE, Y.P , and Wano, M.H Studies on the nature of the inhibitory action of 
inorganic phosphate, fluoride and detergents on 5-adcnylic acid deaminase 
activity and on the activation of adenosine triphosphate. J Biol Chem. 243, 
2260 (1968) 

21 Lineweaver, H, and Burk, D The determination of enzyme dissociation 
constants. J. Am. Chem Soc 56, 658 (1934). 

22 MtUER, G W Properties of enolase in extracts fiom pea seeds Plant Physiol. 
33, 199(1958). 

23 Naiiar, V A The isolation and ptopecties of phosphoglucomutase J. Biol. 
Chem J75, 281 (1948) 

24 NtAiPoRi/K. Ci.. and Toiowick, S P The punflcation and properties of 5- 


' yeast 

, „ ... . /vuwi J. »oi. jv. bpy (jyyj) 

26 PETERS, R A , Shortmoose, M , and Murray. L R Enolase and fluorophos- 
phate Nature 202. 1331 (1964) 

27 Reiner. J M , Tsi/eoi, K. K , and Hudson, P B Acid phosphatase iv Fluo- 
ride inhibition of prostatic acid phosphatase Arch Biochem Biophvs 56 165 
(1955) 


HuoTiiJe and ns 
0966). 

Dent Res 39, 


30 SI.ATER, E c . and Bonner. W D. The effect of fluoride on the succinic oxidase 
system Biochem J 52. 185 (1952) 

31 Smith. Q T , Armstrong, W D., and StNGtR, L.. Inhibition of human salivary 
and prostatic acid phosphatase and yeast enolase by low fluoride concentrations 
Proc Soc Exp Biol Med 102 , 170 (1959). 

Normal human serum fluoride concentrations Nature?// 19? 

(1966) 

“ bi'iTJ'' ''' “■■■ ““ '"■ ■ '"kibmon b, fluoride. I„: Hand- 

bneh der nperimentellen Pham^ologai vol XX, Phaimaeology of floor, de, 
Ch 5,p 281 spnnger-Vcrlag(l966) 

W. Isoherungund Kr.stallisation des carungs- 
ferrriAnts Enolase. ZstVrt ® 



Mode of Action of Fluoride 


2f. 


35 Wriiii, J.L.: I-nzymc and metabolic inhibitors. Vol.l. Academic Press (1963). 

.36 Wii.DRANDT, W. : Dic Abhiingigkcit dcr loncnpcrmcabilitiit dcr Erythrozyten 
vom glycolytisclicn StofTwcchscl. Pfliigcr Arch. Gcs. Physiol. 243, 519 (1940). 

.37 Yo.shida, H., Naoai, K., Kamei, M., and Nakagawa, Y.: Irreversible inactiva- 
tion of (Na'-K.'')-dcpcndcnt ATPasc and K+-dcpcndcnt phosphatase by fluo- 
ride. n.B.A. 150, 162 (1968). 




Fluonde and bone mineral substance 


27 


Fluotide atid bone mineral substance 

C. A. Baud and S Bang 


Despite great interest in the prevention of dental caries using fluoride, and 
the recent suggestions that fluoride rnay he of therapeutic value in metabolic 
bone disease, little informacion is available on the metabolism of fluoride 
(13). The primary difficulties in these studies arise from the lack of data 
concerning the topographic localization of fluoride in the calcified tissues at 
the microscopical level, the relationship of fluoride to the hydroxyapatite 
crystals of the mineral substance, and the possible toxic effects of fluoride 
on metabolic activity of the bone cells 
It is the purpose of this presentation to provide information with respect 
to these topics The effects of fiuontle administration in vho on bone tissue 
were studied by means of X-tay emission (4, 5) and diffraction (5, 6, T, 8, 9) 
analyses, and of electron microscopy*. 

1 MICROSCOPIC DISTRIBUTION PATTERN OF' 
FLUORIDE IN BONE TISSUE 

In the bories of twee liavmg received 0 03 mg F per day from the age of 

2 months to the age of 4.5 months, and sacrificed a few days after the cessation 
of treatment, the distribution of fluorine as evidenced by electron probe X» 
ray microanalysis is nonhojnogencous. There is a heavy lay-down in the 
layers deposited during the treatment, whereas bone tissue existing before 
the heginnio^ cf (tic flisoride diet shows <mfy a smaft amount of fluorine 
(Fig 1), This repartition is quite similar to that of bone seeking isotopes 
such as calcium, evidenced in auto/adjographs as “hot spots” and “diffuse 
component’'. 




Fig. I. Fluoride treated mouse. Left: The image for the Ka emission wavelength of 
fluorine from a section of parietal bone, obtained by electron probe X-ray micro- 
analysis. Right; Photomicrograph by incident light of the same area. x200. 



Fig. 2. Fluoride treated osteoporotic patient, six months after the end of treatment. 
Left - The image for the Ka emission wavelength of fluorine from a section of iliac 
crest, obtained by electron probe X-ray microanalysis. Right: Photomicrograph by 
incident light of the same area. x200. 
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deposited during the treatment having jt high level, whereas preexisting bone 
tissue shows a low amount of F (Fig, 3). The persistence of such a pattern 
proves that fluorine is firmly bound to the bone substance. 

These findings support the autoradwgraph«c observations with radio* 
fluorjdf, sbow’jng that the uptake of fluoride by bone is greater in the sites 
of active ossification and in the imme^iste vianity of blood vessels (2, 13, 
16, 24) However, because of the short halfjife of 18 F {112 mitu), most 
expeiiments must be entnely tompieted within about 1& hours, and are 
unable to demonstrate a long term distrtbution of F. Moreover, due to the 
poor resolution of the photographic material, only a macroscopic visualiza- 
tion IS obtainable. 

’ CRrSTAI-LOGRAPHIC CHANGES IN THE BONE 
MINERAL - ‘ 

Samples o! compact bone, of which the fluoride content was determined 
were studied by high resolution X-ray (Jiffraclion (3, 7, 8, 9). The parameter a 
of the unit cell of the apaWc bone crystals was calculated with a precision 
of ±0001 A.. Ttearaljmdiowsa*ortci\mg oflhsparamclero.iti direct 

linear relation lo the increase in amount of F (Fig. 3), The lelationshin is 
similar to (iial observed when the fluoride ions replace hydroxyl ions by 
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Fit’. “I' Fliiorbscd cows. Relationship between the crystallinity of bone mineral and 
its fluorine content; ^ value (the width at half maximum, in degrees Zy, of the 
X-ray ditfraction peaks) decreases as the crystallinity increases. 


isoniorpiious substitution in the synthetic calcium apatites. The gradual 
shortening of the parameter a shows that in vivo fluoride is incorporated 
inside the crystal lattice; this location explains the stability of the fluoride 


laid down in the bone. 

Another modification of the bone mineral under the influence of fluoride 
concerns the crystal size. Thirty years ago, Reynolds et al. (28) observed 
that the tibiae of the rats fed on a diet containing 0.1 per cent sodium fluoride 
gave X-ray diffraction lines slightly thinner than those of control animals, 
indicating that there is a tendency in the bone for the sodium fluoride to 
form slightly larger crystals. More recent reports showed that the X-ray 
diffraction patterns of human (11, 17, 18, 26, 35), bovine (6, 34), rat (21 22, 
23 30) and mouse (36) bone apatites were sharpened, or better resolved, as 
the fluorine content increased. This phenomenon was related to an increase 
in bone apatite crystal size (14, 1 5, 32). As evidenced by Baud and Moghissi- 
BUCHS (6) X-ray diffraction analysis of fluorosed bovine bone shows that 
the crystallinity of the mineral increases markedly as the fluorine content 
from'o .0 1.2 per cent, and very few from 1.2 to 2.0 per cent 

(Fig. 4). 
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faced endoplasmic reticulum Electron micrograph, xSSOO. ^ 

3 ultrastructural chances in osteocytes ANn 
PERILACUNAR AREAS ^tcCYTESAND 

In the zones of very rapid bone formation on . 

structure of ostcocytes of fluor.de treated mii are obserl fine 

niKiostAphs, Th= n,cM sH.k.ng and consw„, chaR^lh= 
large diHcmiom of the rough surfaced endoplasm^ rfhculum (f'’' s?"“ 
times couDueuI aud ruvolvrng ,he perinuctar space (F.g rSh 
n,K oneuratiou of.he ribosomes attached to 

endoplasmic reticulum disappears: the number “™' of the 
tomes, noi grouped m clusters or rosettes, incteases. Ian, 
the organic mattU tails to minctaliit- the ejorae^i' m P'"'“™ar area, 
IS poorly oriented, and the periodic bandini. of e 1 “ Wanientous malenal 
(F,g,7, ' is not always visible 



Mode of Action of Fluor 





Fig. 6. Fluoride treated mouse. Osieocytc showing large confluent distensions of 
the rough-surfaced endoplasmic reticulum, involving the perinuclear space. Electron 
micrograph, X8500. 


tillable in the microradiographs offluorosed bone in bovine (19) and humans 
(1), and after fluorotherapy in osteoporotic patients (33). 

The appearances of the endoplasmic reticulum are similar to the degener- 
ative changes already evidenced in ameloblasts from rats which had received 
repeated doses of fluoride (20). It is also interesting to note that a distortion 
or dissociation of polyribosomes was previously demonstrated in rabbit 
reticulocytes incubated with sodium fluoride (12), and in various experi- 
mental conditions leading to altered synthesis of the specific proteins pro- 
duced by tile cells (29). ' 

Such changes could well influence not only the quality of the organic 
perilacunar matrix, but also its mineralization, and exqilain the presence of 
the uncalcified or poorly calcified perilacunar “halo” also observed in the 
electron micrographs (Fig. 8). 
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Fig. 7. Fluoride treated mouae Uncalcilied penUcunar area, showing the poorly 
oriented extracellular filamentous material Electron micrograph, x8500. 





Fig 8 Fluoride treated mouse Beside a dead osleocyte. 
the penfacunar area Electron micrograph. X5500 


spheritjc mineralization in 
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S U M M A R Y 

f he cflccls of fluoride administration in vivo on bone mineral substance 
hiivc been studied by means of X-ray emission and dilTraction analyses, and 
of electron microscopy. 

I’lectron probe X-ray microanalysis shows the topographic distribution 
of b in the bone sections. The layers deposited during the treatment have a 
high level, whereas bone tissue existing before the beginning of the fluoride 
diet shows only a small amount of F. This repartition is quite similar to 
that of bone seeking isotopes evidenced in autoradiographs as “hot spots” 
and “diflusc component”. 

Migh resolution X-ray diffraction shows a shortening of the parameter a 
of the unit cell in the bone apatite crystals, in direct linear relation to the 
increase in amount of F, suggesting that F is incorporated in vivo into the 
crystal lattice by isomorphous substitution of OH. A relation of bone crys- 
tallinity to F concentration is also evidenced. 

Marked alterations in the fine structure of osteocytes are produced under 
the influence of the F diet. Large distensions of the endoplasmic reticulum 
and distorsions of ribosomal patterns are observed in the electron micro- 
graphs. These changes could influence the quality of the organic perilacunar 
matrix and its mineralization, and explain the presence of the uncalcified 
or poorly calcified perilacunar “halo” also observed in the electron micro- 
graphs. 
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Effects of fluoride on bone formation, 
mitietaiization, and resorption in the rat * 

D.Buvunk, J.Weroedal, M.STAOrreR and C-Ricll 


INTRODUCTION 

Osteoporosis, which is chatactenied hy a decrease in bone mass and thus 
a decrease in bone strength, is a very common metaboltc bone disorder. In 
the U S , more than 4 million people have osteoporosis (17). Because the 
etiology o( osteoporosis is unknown and because there is a substantia) 
amount of morbidity associated with this bone disorder there js considerable 
interest in empirical forms of therapy. 

Although a number of agents have been used to treat osteoporosis, fluo- 
ride IS the only one which has been shown to mcrcdse bone density (24). 
Howeses, this inertaie m bone density does not necessarily mean that bone 
strength is also increased. In face, patients with osteoporosis treated with 
high doses of sodium fluoride have been shown by histologic methods to 
have c^uahtaiive abnormalities in bone (3) On the other hand, in our expe- 
rience there is suggestive evidence that bone pm is reduced in some osteo- 


of osteopor . msioiogic metnods (3). We found suggestive 

evidence for (1) an increased osteoblastic bone formation, an increased 
osteoclastic resorbing surface, (3) a greater increase in formation than 
resorption and as a result increased bone mass, and f4) a mineralization 
defect as evidenced for example by increased osteoid width. Unfortunately 
we were unable to quantitate the above parameters in human bone biopsies 
because of a number of technical problems (3). Therefore, m order to obtain 

‘ This study was supported in part by grants from USPHS (AM 9096 and 
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Fig. I. Schema of the cliangcs which occur in bone area and medullary area during 
growth in normal rats. Two transverse sections of diaphyseal bone from the tibia 
arc shown j the one on the left is from a weanling rat and the one on the right from 
an older rat. 


cjvnntitdtivc information on the effect of fluoride on bone, we have evaluated 
these parameters in rats using recently developed quantitative histologic 
methods for measuring bone formation, mineralization and resorption (5, 6). 

The principle of the method used to measure bone formation and resorp- 
tion is shown schematically in Fig. I. As illustrated, in young rats during 
growth there is a progressive increase in bone area, which is due to formation, 
and a progressive increase in medullary cavity area, which is due to resorp- 
tion. Using this principle in conjunction with a tetracycline labeling proce- 
dure, it is possible to quantitate bone formation and resorption. Because 
tetracycline is only incorporated into sites where new bone is being formed, 
the volume of bone labeled with tetracycline during a known period of time 
is a measure of the bone formation rate. 

The principle of the method used to measure the process of mineralization 
is shown schematically in Fig. 2. As illustrated, after osteoblasts form osteoid, 
which is unmineralized matrix, there is a lag period of about one day before 
mineralization is initiated at the mineralizing front and once initiated, min- 
eral concentration increases until it reaches a max'imum in mature bone. 
Thus, the process of bone mineralization can be divided into two compo- 
nents: first, the initiation of mineralization and second, the rate of miner- 
alization once initiated. The initiation of mineralization was evaluated by 
determining the time between the formation of osteoid and the subsequent 
initiation of mineralization of this osteoid. This parameter, which has been 
termed the mineralization lag time, was calculated by dividing osteoid width 
by the linear rate of matrix formation, which is the width of new matrix 
formed per day. Mineral concentration, which was used to calculate the 
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Fig 2. Schema of bone matrix forma- 
tion and mineralization. The enlarged 
diagram of periosteal bone, as v.cU as 
the graph below, illustrate the changes 
which occur in mineral concentration 
after matrix formation Bone age after 
matrix formation is on the abscissa 
which applies to both the graph and 
diagram The arrow indicates the direc- 
tion of periosteal matrix formation and 
the squares represent osteoblasts Min- 
eiaj cojiceiHralion, as a percent of max- 
imutn in mature bone, is on the otdi- 
nant- 


mitieralJzaUon rate in young bone, was deternt/ned from measurements of 
refractive index, since the refractive index m bone vanes hrjeariy with the 
percent volume of hydroxyapatite il). 

MATERIALS AND METHODS 

The protocols for the three experiments performed m the present study 
arc given itt Table 1. The objeettve of the first experiment was to measure 
the effects of fluondc on bone formation, mmeraliiation and resorption. 
Although in this experiment periosteal matrix formation was )6% more in 
the fluoride treated than m the control group, the difference was not statis- 
tically Significant Therefore, the second experiment was done to determine 
if administering fluonde for a longer period of time would result m a signi- 
ficant increase in formation. The third experiment was done to measure the 
txet effects of long teem fluoride swimmisttaUon, on. formavion ^nd resorption 
(j.e , the effects of fluonde on total area, medullary area, and bone area) 
Note that the third experiment js not strictly comparabie to the other two 
experiments (Table 1). Despite these differences, the net effects of fluoride 
found vn expenment 3 were consistent with the changes in the rates of 
periosteal bone formation and endosteal bone resorption found in experi- 
ments 1 and 2. ^ 

The protocol for the first esperiment is shown diajrammatically in Rp 3 
Forty male neanling Spbaque-Dawlev tats were divided into fourjroups! 
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TalMc I. Protocols for the tlircc fluoride experiments 


lixpcriinrni Duration of Ape when Sex Fliioricle dose Bone 

nitinher treatment Jliioride. was (ppni)* measured 

( days) started ( days ) 


1 

15 

22 

male 


tibia 


'35 

22 

male 


tibia 

.t 

113 

21 

female 


femur 


* In drinking water. 


cacli group having a mean weight of about 40 grams. At the start of the 
experimental period, one group was sacrifieed for base line bone and serum 
measurements and the other three groups were sacrificed 15 days later. One 
of these three groups served as the control group, receiving tap water con- 
taining less than .01 ppm fluoride, and the other two groups served as the 
experimental groups, one receiving 30 ppm fluoride and the other 100 ppm 
fluoride in the drinking water. The rats in the basal group were given 20 mg/kg 
body weight of tetracycline i.v. 6 hours prior to sacrifice. At the same time 
that the rats in the basal group were sacrificed, the rats in the final groups 
(i.e., the control and two experimental groups) were started on daily i.p. 
injections of tetracycline which were continued until sacrifice on day 15 of 
the experimental period. The dose of tetracycline was 10 mg/kg body weight 
except for the first and last injections which were 20 mg/kg. In a previous 
study we showed that in rats so treated with tetracycline body weight gain is 
normal (5). Blood was obtained from all animals by cardiac puncture just 
prior to sacrifice. Serum calcium was measured by atomic absorption spectro- 
metry (30) and serum phosphorus using an autoanalyzer (1 1). 

The protocol for the second experiment (Table 1) was basically the same 
as that used for the first experiment. However, in this experiment tetra- 
cycline was given only during the last 8 days of the 35 day fluoride treatment 
period. Since the measuring period began after fluoride was started, it was 
necessary to have a basal group for each of the three final groups (i. e., for 
the control group- and the groups given 30 and 100 ppm fluoride in the 
drinking water). The basal groups were sacrificed at the same time that the 
measuring period began in the final groups (i.e., on the 27th day of the 

experiniental period). j r 

After sacrifice, the femurs and tibias were removed and cleaned of soft 

tissue down to, but not including, the periosteum. Each entire left femur was 
ashed and the ash was dissolved in 5 N HCl for measurements of total cal- 
cium by atomic absorption spectrometry and of total fluoride by a specific 
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CbnUe) 


Fluoride 
30 ppm 



Fluoride 
\00 ppm 


Eypeiirnenlol 9e(\o(l tdoys) 

Fig } Experimental protocol for experiment I (1$ day?). The group designations 
ere given on the left The fluoride cooccmration used to designate the two expert* 
rnenlJl groups represents that in the drinking water. The basal group received an 
» p injection of tetracycline 6 hours before sacrifice, whereas the three final groups 
tcceiveii daily i p injections of tetracycline throughout the experimental period 



ion electrode (26) Fluoride tn ppm of bone ash was calculated for the total 
femur by assuming that calcium represented 38% of the ash content (16). 

The quantitative histological measurements were made on the left tibias. 
Two consecutive transverse ground scclions were prepared from each rat 
from the left iibial diaphysjs proximal to the fibular junction. The first 
ground section was mounted unstained in Abopon and used for area, width 
and surface length measurements The entire area of the unstained section 
was photographed using tungsten and ultraviolet illumination. Enlarged 
prints vvnh a final magnification of TSx were then made from each photo- 
micrograph and from these, area measurements were made with a planimeter 
and surface length measurements were made with a map meter. At the 
endosteum, a forming surface was identified by the presence of osteoid and 
an appositional tetracycline label, and an artively resorbing surface Was 
identified by the absence of such a label. That an unlabeled surface represents 
an actively resorbmg surface wastfdcrmined from a previous study iri which 
we found that all of the endosteal surface that was not forming (j.e., where 
there was no appositional Ictracyclmc label) displayed intense extracellular 
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Fig. 4. a) Bright field photomicrograph and b) fluorescence photomicrograph of the 
same field of endosteal bone showing acid phosphatase activity (using a-naphthol 
phosphate as the substrate) along the resorbing surface on the left and a two day 
appositional tetracycline label along the forming surface on the right. Sites of acid 
phosphatase activity are red, whereas tetracycline fluorescence is yellow. (Original 
magnification 42 x .) 


acid phosphatase activity along the borders of Howship’s lacunae (Fig. 4a 
and b). From this study we concluded that the absence of an appositional 
tetracycline label at the endosteum is indicative of active osteoclastic bone 
resorption at our sampling site (6, 29). 

The second ground section was stained with a modified von Kossa pro- 
cedure, counterstained with nuclear fast red, dehydrated in acetone, cleared 
in xylene and mounted in Fluormount for measurements of osteoid width 
and, in the basal groups, for measurements of the length of forming and 
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Table 2 Method and precision of the morphological measurements 


^feasurfment 

Atethod 

Precision* 

Widih 

Osteoid scam 

Bhourlabel 

Area 

Total 

filar micrometer 

±2-5% 

Medullary cavity 
Tetracycline label 

Surface 

Periosteal 

planimeter 

± 1-4% 

Endosteal 

map-meter 


Forming 

or 

±1-6% 

Resorbing 

line sampling 


• Coefficient of variation. 


resocbing surfaces, using (he line sampling method, with a Zeiss No. II type 
integrating eyepiece. Osteoid width was measured with a filar micrometer 
every 60 degress around the periosteum and at four equidistant positions 
along the endosteum. The width of the six hour tetracycline label was mea- 
sured in unstained ground sections from all rats m the basal groups using 
ultraviolet illumination and the same sampling procedure described abovt 
for osteoid In a separate experiment we found that the above method be- 
cause of the resulting dehydration, caused osteoid width to shrink 25 5 y 

On the other hand, we found no shrrnkageofbonewhich was mounted in the 

water soluble mounting media, Abopon. Therefore, all osteoid width data 
given in the present study has been corrected for shrinkage so that the osteoid 
and bone masurements would correspond and both apply to the in vivo stale 
Table 2 shows that measurements of width, area and surface length were 
generally made with a precision of ± 5% or Jess ^ ^ 

The maximum mineral concentration within the mineralizing front as a 
percent of the maximun. mineral concentration ,n mature bone was' est, 
mated from refractive index (nD) measurements, since there is a di’revM,! 
I^arionship berween rhe nD and .he F-Tcn, volume of hydroxy™ 

The mineralizing front IS defined as the Width or i ^ . vapautetZ). 

(ady, cenrroo,. cold, Which rakesupUt “It, 

of tetracycline diffusion into thcmineral nha^fanH 

apposition The nD of osteoid, the maximum nD^n t^e 

and the maximum nD in mature bone were measured vrt a 

iransverse ground section by means of the „ “ Ij'satcd 

line procedure, using 
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monoclironiatic light (5460 A) and a series of oils with nD-eradations of 
0 . 002 ( 1 ). 

In c.xpcrimcnt 3 titc control group, consisting of 1 1 female rats, was given 
t;ip water (•< .01 ppm fluoride) to drink and the experimental group, con- 
sisting of 8 female rats, was given 70 ppm fluoride in the drinking water for 
1 1 3 days beginning at 21 days of age. After sacrifice the femurs were bisected 
and ground sections were prepared from the mid-femoral diaphysis for 
measurements of total area, medullary area, and bone area using methods 
described for experiments 1 and 2. 

Colctiloltons 

In a previous study we showed that in our sampling site about 90% of 
osteoblastic formation and osteoclastic resorption occurs at the periosteum 
and endosteum (5). For this and other reasons (5), all measurements were 
confined to the periosteum and endosteum in the present study. 

Basal and final refer to parameters measured in the basal and final groups 
respectively. The initial parameters were also measured in the final group 
but refer to the periosteal values at the beginning rather than the end of the 
tetracycline labeling period; the inner border of the periosteal tetracycline 
label shows the position of the periosteal mineralizing front at the start of 
the labeling period. The total area is the area circumscribed by the periosteal 
edge of mineralized bone and thus includes the medullary area. Area and 
surface measurements on the prints and sections were made at the edge of 
mineralized bone at a resorbing surface, or on mineralized bone at a junction 
between labeled and unlabeled bone, or at the junction between mineralized 
bone and osteoid; therefore, osteoid tissue was not included in any of these 
measurements. 

In all equations, the units are mm= for area, mm for length and width and 
days for time. Since the length of the tibial sampling site was more than 
1 mm, the final rates were expressed as the volume of bone formed or resorbed 
per day, assuming that the length of the sample in each case was 1 mm. 

In most calculations, only measured areas were used. However, for perios- 
teal osteoid area and periosteal 6 hour tetracycline labeled area, the area 
was calculated from width and circumference measurements according to 
the formula for the area of an annulus, 

A = W (Li -F W) = W (Lo — TtW), [I] 

where A is area, W is width and L, and Lq are the internal and external 
circumferences respectively. The accuracy of this approximation was tested 
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by comparing the total borte area calculated using the assumption that the 
periosteal circumference is a circle, with the measured total area. These 
calculated areas tvere found to be only 3% more than the measured area. 

Since formation occurred on only a portion of the endosteal surface, the 
formula for the area of a sector of an annulus was used to calculate endosteal 
osteoid area and endosteal 6 hour tetracycline labeled area, 


A = ^'(L,+7:W)=^'(U-tW). j2] 

where A is endosteal osteoid area or endosteal 6 hour tetracycline labeled 
area and Lf is the length of the forming surface. 

The description of each parameter and the formulas used to calculate the 
parameters in this study are given below. 

(1) Periosteal bone formation rate (Rptf). In principle, the amount of 
periosteal bone formed per day was calculated by dividing the periosteal 
tetracycline labeled bone area by the length of the experimental period. The 
periosteal labeled area was obtained m the final groups by subtracting the 
initial total area (the area encompassed by the central border of the telra- 

included the minerahzins front which existed at the beginning of the 
expenmental period and svas formed prior to the experimcLl period 
obtain the true amount of bone formed per day, the area corresnnnrt 
the first 6 hours of the final periosteal label (calculated from'^lhe^lnftim 
periosteal circumference and the mean basal 6 hour label widths ' 
tracred from the final labeled area and the restfi “ s Se ty hT^ ^ h 
Of measuring period minus 6 hours, ^ 




, Af,-~A» — Ap 
Tf — Tb ’ 


The endosteal bone formation r«,vwaicaicuiatefi in • t 

that the 6 hour labeled area was subtracted from the end 
m the final groups and the result was divided by the len^r 
period minus 6 hours. The 6 hour labeled /nH ^ 

m.ng pl. the formula for a «.or of ^ 

rate was obtained by adding the periosteal and d formation 

(2) Periosteal mairix forLtio^R ") T 

both ofunminerahzed matrix, osteoid, undTftmemhre?™^^^^^^ 
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(lie pcriosiciiiii. The pcriosical matrix formation rate was calculated by 
ittlding tltc increase in osteoid area per day to the area of bone formed per 
day. The increase in osteoid area per day was calculated by subtracting the 
initial osteoid area from the final total osteoid area and dividing by the length 
of (he measuring period. The initial and final periosteal osteoid areas were 
calculated from osteoid width and the periosteal circumference using [I], the 
formula for the area of an annulus. This rate was calculated by the formula, 

,, „ , Aor — Aoi 

Kpmr = Kpbr H ;j:- , [4] 


wltcrc Aof is the final periosteal osteoid area and Aoi is the initial periosteal 
osteoid area. 

The endosteal matrix formation rate was calculated in a similar manner 
except (hat osteoid area was obtained from [2], the formula for the area of a 
sector of an annulus, since formation does not occur around the entire endos- 
tea! circumference. The total matrix formation rate was obtained by adding 
the periosteal and endosteal rates, 

(3) Periosteal bone apposition rate (Rpba)- This is the linear rate of pe- 
riosteal bone formation and was calculated by dividing the total periosteal 
area of bone formed per day by the mean of the initial and final periosteal 
circumferences using the formula. 


„ 2 (Aft — Alt — Ap) 

(Tf— Tb)(Lr + L,)’ 


[5] 


where Lf is the length of final periostea! circumference and Li is the length 
of initial periosteal circumference. 

(4) Periosteal matrix apposition rate (Rpma)- This is the mean width of 
matrix formed per day at the periosteum and takes into account both osteoid 
and mineralized matrix. It was calculated by the formula, 

^ « IVof 'Wob 

Rpma ^ Rpba “h 7 ^ ^ > 11 

where Wpf is the final periosteal osteoid width and Wob is the mean basal 
periosteal osteoid width. 

(5) Mineralization lag time (Tm). This is the time between the formation 
of osteoid and the subsequent onset of mineralization in this osteoid. It was 
calculated at the periosteum by dividing the mean osteoid width for the 
experimental period by the corresponding matrix apposition rate, 

Wob + Wof 
Tm ~ ' Tn ’ 

J. Jvpmfl 

svhere Rpma is the matrix apposition rate at the periosteum. 
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(6> Mineralization rate (R^). The mineralization rate is defined as the 
rate at which the concentration of mineral increases in the mineralizing front. 
To calculate this parameter, it is necessary to determine the maximum con- 
centration of mineral in the mineralizing front. This was calculated from re- 
fractive index measurements using the formula. 
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where C is the maximal mineral concentration in the mineralizing front, 
expressed as a fraction of the maximum mineral concentration in mature 
bone, nDmf is the maximum refractive index m the mineralizing front, 
nDtnaxis the refractive index in mature bone and nDo is the refractive index 
in osteoid. The time required to achieve this mineral concentration was cal- 
culated by dividing the width of the mineralizing front at the periosteum 
by the periosteal bone apposition rate. After an i.p. injection of tetracycline, 
the blood level is sufFicicntly high to label all bone formed for at least 6 hours 
(5). Therefore, since in the basal grou(>s the 6 hour tetracycline label width 
included the mineralizing front plus 6 hours of apposition, the mineralizing 
tront width was calculated by subtracting the width of bone formed in 6 
hours from the 6 hour tetracycline label width. In the final groups, the 
mineralizing front could not be measured, because it could not be distin- 
guished from that portion of the label resulting from apposition. Since in 
the second experiment (35 days) the osteoid width was increased to about 
the same extent m the basal and final fluoride treated groups, we assumed 
that the mineralizing front width was also constant during the measuring 
period (8 days) and that the basal mineralizing front width was equivalent 
to the mean width for the measuring pieriod. 

Although m previous studies it has been demonstrated that high doses of 
tetracycline inhibit mineralization (13), it is unlikely that tetracycline signif- 
icantly altered the mineralization rates as determined by the method used in 
this study for two reasons. First, the dose of tetracycline used in this study 
was considerably less than that necessary to demonstrate inhibition of 
mineralization by microradiography (1 3). Second, the mineralization rate is 
inversely related to the distance that tetracycline diffuses into mineral which 
was laid down before tetracycline was administered. 

The mineralization rale at the periosteum was cateuUted by the formula, 

R. - 

W„,. (91 

where W„rb is the mean width of the mineralizing front of the basal group 
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(9) Enilosical bone resorption rate (Rebr). Since no resorption occurred 
at tiie periosteum, this represents the total resorption rate. In principle, the 
cndoslcai osteoclastic bone resorption rate was calculated by adding the 
diflcrcncc in medullary area between the basal group and the final groups 
to the area of endosteal labeled bone and dividing the sum by the length of 
the experimental period. Since the basal medullary area did not contain the 
mineralizing front, it was necessary to subtract the basal endostea! mineraliz- 
ing front area from the endosteal labeled area, to obtain the true change in 
medullary area due to resorption. In a previous study using this method for 
nreasurittg bone resorption, we showed that none of the endosteal bone 
formed and labeled during (he measuring period is resorbed before the end 
of this \ieriod even when the- resorption rate is increased (6). It was calculated 
by the formula, 


Rebr — ' 


Af + Agi — All — Amf . 

Tr 


[10] 


where Af is the final medullary area. Ad is the endosteal labeled area, Ab 
is the basal medullary area, and A^f is the mean basal endosteal mineraliz- 
ing front area. 

(10) Linear rate of endo|teaI bone resorption (Ribr)- This is the mean , 
width of endosteal bone resorbed per day and is analogous to the periosteal 
bone apposition rate. It was calculated by dividing the area of bone resorbed 
per day by the mean of the basal and final endosteal resorbing surfaces by 
the formula, 


Ribr = 


^ Rgbr 

Lrt) -h Lrf 


[II] 


where Lrb is the mean basal endosteal resorbing surface and Lpf is the final 
endosteal resorbing surface. 

(11) Maximum bone stress (<^inax)- This is the maximum stress which 
would be expected under normal conditions in our sampling site in the 
femoral diaphysis. Stress refers to the intermolecular resistance within bone 
as a result of the application of external force to bone from e.g., weight , 
bearing and muscular action. It was calculated by the formula, 

(R^ -b r-) cos « + 4 Lb R Sin a _ „ P 2] 

CmaV = ” * 

where R is the radius of the total area, r is the radius of the medullary area, 
a is the angle at the knee between a vertical line and the femur when the 
knee is flexed (assumed to be 75°), Lb is the length of the bisected femur. 
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W is the final body weight, and C is the ntaxtroum portion of the body 
weight supported by the left hind limb {assumed to be half of the body 
weight). This foimula is based on the assumption that the femoral diaphysis 
in our sampling site is a hollow column. 

Significance estimates were made using Student’s t test on parameters 
calculated from the formulae given above. In order to estimate the variance 
of the measurement of bone resorption, it is necessary to determine the 
resorption rate for each rat individually. To do this it is necessary to know 
the initial medullary area at the beginning of the measuring period in the 
rats sacrificed at the end of this period. Since it v.-as not technically possible 
to measure directly initial medullary area, the variance for bone resorption 
could not be estimated m the usual manner. However, if one makes the 
reasonable assumption that rats with a smaller medullary area have a lower 
bone resorption rate than, those with a larger medullary area, the rats can be 
paired according to medullary size Co <Svlculatc individual resorption rates. 
Thus, ue ranked rats in the basal group and in the final groups in descending 
order according to the size of their medullary area and then subtracted the 
basal medullary area from the sum of the final medullary area and the 
endosteal labeled area of corresponding rank position to obtain individual 
bone resorption rates The relative "variance for bone resorption obtained 
by this ranking procedure was still coosiderabfy'highe? than for awy other 
morphological parameter calculated in the present study (Tables 4 and 5) 


RESULTS 


In experiments 1 (15days)and2(J5 days), fluonde administration did not 
affect either final body weight or serum calcium or phosphorus (Table 3). 
Neither was there a significant difference in final body weight in experiment3 
(113 days) between the control and fluoride treated groups (265 ± 26 gm vs 

m -1 3Sgms}* Also shown in Table 3 is that the fiuorideconccntration in 

bone ash varies directly with the dose of ftuocldo wsl ftho with the length of 
time fluonde is administered. 


The validity of our method for measuring bone formation and resorption 
depends on the dcmonstalion that formation occurs continuously around 
the enure periosteum and that at tho eodosteum, bone surfaces that ate 
actively involved in formation and rcsotption at the time of sampling can be 
accurately identified In experiment 1 (and also ,n experiment 2) bLe for- 
mation as indicated by tetracycline fluorescence occurred around the entire 
periosteal c.rcomference (Fig. 5). In additutn. in previous studies we demon- 
• Mean i slanflaK} devialian. 
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Probability estimated by t test 
Mean ± standard deviation. 
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Tjblc4. ElTmof iSUaysorrtuQfjdel/Mt/ncnt (experiment O on bone formation, mineralization, and resorpuon 



Concentration of fluoride in drinking water 
Probability estimated by t test. 

Mean ± standard deviuUon. 



Table 5. Effect of 35 days of fluoride treatment (experiment 2) on bone formation and mineralization 
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Fig 5. Fluorescence photomicro- 
graphs of libial transverse sections 
from a) a control rat and b) a rat 
treated with 100 ppm fluoride m 
the dfmkittg water in experiment 1 
showing 1 5 day tetracycline labels 
around the entire periosteal cir- 
cumference and along a portion of 
the endosteum. (Original magni- . 
flcation 1 0 X .) 
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stralccl, using a double labeling procedure, that bone formation at the 
periostcuni was continuous during the measuring period (5, 6). Bone forma- 
tion occurred as well at the endosteum but was localized within a specific 
region (Fig. 5), Along the remainder of the endosteum, intense add phos- 
phatase staining (Fig, 4a) as well as the presence of Howsh/p’s lacunae and 
ostcociiists indicated that osteoclastic bone resorption was occurring. Thus, 
the entire endosteal surface was involved in either formation or resorption 
(Figs. 4a and b). 

The effects of fluoride on formation, mineralization, and resorption in 
experiment 1 and on formation and mineralization in experiment 2 are given 
in Tables 4 and 5 respectively. In experiment 1, although the periosteal matrix 
formation rate was 16% more in the rats treated with 100 ppm fluoride in 
the drinking water than in controls, this difference was not statistically 
significant at the 0.05 probability level. Nevertheless, the final total area was 
significantly (p < .025) more in the group treated with 100 ppm fluoride in 
the drinking water than in the control group (3.351 ± 0.203 mm= vs 3.123 
± 0.194 mm’), and since formation is continuous at the periosteum, this is 
indicative of a stimulation of periosteal bone formation by fluoride admin- 
istration. 

Tabic 5 shows that when rats were treated with 30 ppm fluoride in the 
drinking water for 35 days (experiment 2), there were significant increases in 
the periosteal bone and matrix formation rates. In addition, 30 ppm fluoride 
in the drinking water resulted in a significant increase in the periosteal matrix 
apposition rate and this was largely responsible for the increased periosteal 
matrix formation rate caused fay fluoride treatment. However, an increase 
in apposition secondarily results in an increase in the periosteal circumference 
and thus an increase in the periosteal bone forming surface so that eventually 
both an increase in apposition and in forming surface contribute to the total 
increase in periosteal formation. The total (i.e., the endosteal plus the peri- 
osteal) rates of bone and matrix formation were also significantly increased 
in the rats treated with 30 ppm fluoride in the drinking water (Table 5). 

Periosteal osteoid width was significantly more in rats treated with 
100 ppm fluoride in the drinking water than in controls in experiment I 
(Figs. 6a and b and 7) and also in experiment 2. The increase in periosteal 
osteoid width was sufficiently more than the increase in periosteal matrix- 
apposition in both experiments 1 and 2 so as to result in a prolongation of 
the mineralization lag time (i.e., an increase in the time between osteoid 
formation and the onset of mineralization) (Tables 4 and 5). 

The 6 hour periosteal tetracycline label width, from which the amount of 
bone apposition occurring in 6 hours was subtracted to obtain the mineraliz- 
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P < .001 < 001 

Fig. 7. Bar graphs of osteoid width in experiment 1(15 days) and mineralizing front 
width in experiment 2 on the 27th day of the experimental period. The hatched bars 
represent the control groups and the plain bars represent the groups given 100 ppm 
fluoride in the drinking water. 


centration in the mineralizing front in the control and experimental groups 
was 20% of the maximum mineral concentration in mature bone. Since the 
maximum mineral concentration was the same for the control and experi- 
mental groups, the mineralization rate represents the rate at which matrix 
mineralizes between the time mineralization is initiated in osteoid and when 


it reaches 20% of full mineralization. 

As shown in Table 5, 100 ppm fluoride in the drinking water significantly 
decreased the rate of mineralization in young bone. It may be noted that m 
young bone there is an inverse relationship between the distance that tetra- 
cycline diffuses and the mineralization rate. The effects of 100 ppm fluoride 
in the drinking water on the mineralization lag time and on the mmera iza- 
tion rate in experiment 2 are shown graphically in Fig. 9. Since we measured 
mineral concentration at only one point in time, the mineralization rate 
between zero and 20 % may not be constant. Nevertheless the time required 
to reach 20% of maximum mineralization was significantly (p < .01) more 
In The fluorfde treated than in the control group. Furthermore, we have 
recently demonstrated by a direct method, electron probe microanalysis, 
IS tie mineralization rate betsveen 0 and about 90 % of maximum is fairly 
consul, as iU-sTa.cd in Fig. 2. In order to further establish that fiuonde 
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Fig. 9. Mineralization lag time and mineralization rate in experiment 2 (35 days). 
C represents the control group and F represents the group given 100 ppm fluoride 
in the drinking water. Mineral concentration is plotted as a function of time after 
periosteal matrix formation. The mineralization lag lime, as indicated by the points 
on the abscissa, is the time between osteoid formation (zero time) and the onset of 
mineralization. Tlie lines between 0 and 20% of maximum mineralization represent 
the mineralization riitcs. 

In experiment 1, fluoride at both dosage levels caused a marked increase 
in the endosteal osteoclastic bone resorption rate (Table 4). In addition, the 
final medullary area was significantly (p < .05) more in a group treated with 
100 ppm fluoride in the drinking water than in the control group (1.034 i 
0.140 mm- vs. 0.899 ± 0.1 15 mm°) as would be expected from the increased 
endosteal bone resorption rate. In rats treated with 100 ppm fluoride in the 
drinking water compared with controls, there was also a significant increase 
in the linear rate of bone resorption (Table 4) and as well, a significant (p 
< .001) increase in the length of the endosteal resorbing surface (2.303 ± 
0,683 mm vs 1.174 ± 0,376 mm) as illustrated in Fig. 5 (also see Fig. 4). 
This absolute increase in resorbing surface may have arisen in part because 
the total endosteal surface was increased. However, in addition, there was 
a significant (p < .005) increase in the percentage of resorbing surface m 
the fluoride treated compared with the control group (58 ± 1 5 % vs 32 ± 
10%) and thus a significant (p < .001) reduction in the length of the endo- 
steal forming surface in the fluoride compared with the control group 
(1.678 ± 0.609 mm vs 2.497 ± 0.459 mm). In contrast, although there was 
a significant increase in the linear rate of bone resorption in the group treate 
with 30 ppm fluoride in the drinking water (Table 4), the percentage o 
resorbing surface was not significantly increased in this group. No attempt 
was made to measure the bone resorption rate in experiment 2, because 
normally the resorption rate varies inversely with age in the sampling site 




E(!K« ot o n bone 


59 


Totol A.oo 



u«d and con^ccjuenUy, the optimum time to measure endosteal bone 
resorption is in young rats 

In experiment 3, there were sigmftcani increases in total area, medulUry 
area, and bone area in rats treated with 70 ppm fluoride m the drinking 
water for 1 13 days as compared with controls fFig lO). The magnitude of 
thr increases in total area and medullary area was such that cortical thick' 
ness was similar in the control and experimental groups (0,677 i 0.030 nun 
vs 0 676 >; 0 050 mm) Thus, ihc mcrease «i bone area resulted because 
there was an increase m the periosteal perimeter. Because total area and 
medullary area are important detcrrninams of the mechanical properties of 
a tubular bone, ma\iTn\im stress in the femoral •sampling site was calculated 
and the results ate shown m Fig. 1 1 , As tllusttated, a significant decrease in 
maximum bone stress was found mthe fluoride treated group. Thus, if bone 
quality, with respect to mechanical performance, were the same in the two 
groups, one could conclude that the bones of the fluoride treated group were 
stronger than those of the control group. However, we found that in the 
fluoride treated group, maximum bitefcmgence was substantially diminished 
compared with the ccmirol group (Ftp I2a and b). In contrast, collagen 
birefringence was only detcciaWy dimimshed after 15 days of fluoride treat* 
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Fig. 11. Maximum bone stress (oma*) in experiment 3 (113 days). The hatched bar 
represents the control group and the plain bar represents the group given 70 ppm 
fluoride in the drinking water. Omoa is the maximum stress which would be expected 
under normal conditions in our sampling site in the femoral diaphysis. 

ment in experiment 1. Whether or not this diminished birefringence is indi- 
cative of a change in mechanical performance remains to be determined. 


DISCUSSION 


The methods used in the present study for measuring osteoblastic bone 
formation, mineralization and osteoclastic bone resorption have a number 
of advantages over existing methods as well as some limitations* (6). With 
respect to bone turnover, the present system was developed to determine the 
effects of an experimental condition on the two basic elements which deter- 
mine the rate of formation and also the rate of resorption; (1) the number 
of cells involved in formation and resorption and (2) the effective functional 


* All histological methods, including the one used in this work, for measuring t ic 
bone formation rate, measure the volume of bone formed and not the amount o 
mineral deposited in bone during the process of osteoblastic bone formation and 
mineralization. Therefore, since the mineralization rate is not invariant (as demo - 
strated in the present study), it is theoretically possible to have a change m volume 
of bon^formed without a change in the amount of mineral deposited and vice 
versa This disadvantage can be eliminated by simultaneous measurements of 
volume of bone formed and the concentration of mineral within this volume. 
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Fig 12. Photomicrographs showing collagen birefringence m the periosteal region 
of mineralizcJ bone sections of the femoral diaphysis from a) a control rat and 
b) a rat gnen 70 ppm fluoride Jn (he drinking water in experiment 3 (II3 days). 
The photographs were taVen using polarized light and. in order to avoid a difference 
in birefringence due to rotation, a first-order red compensator. Both blue and 
ocange areas represent birefcingerwe and la these areas the greater the brightness 
the greater the birefringence (Original magnification lOIX ) 

activity of these celts The lengths of actively forming and fesorbing surfaces 
were assumed to be a function of the number of osteoblasts and osteoclasts 
respectively, and the functional activities of osteoblasts and osteoclasts were 
evaluated from measurements of the Irnear rales of matrix formation and 
bone resorption respectively. 

Thcquantifativedataobtainedinthisstudyestablish that fluoride adminis- 
tration has marked effects on bone metabolism. Three major efleefs of 
fluonile on bone were found; (1) nn inctease in peiiostol matrix and bone 
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foriiialioii, (2) tin iiiliibition of the process of mineralization at the perio- 
steum. :ui(J (3) an increase in endosteal bone resorption (Tables 4 and 5). 
TItc increase in periosteal matrix formation resulted primarily because of 
increased osteoblastic synthetic activity per unit of forming surface as indi- 
ciitctl by the increased periosteal matrix apposition rate. The inhibition of 
mineraliztilion occurred because fluoride delayed the initiation of minerali- 
zation in osteoid (i.e., fluoride prolonged the mineralization lag time; and 
also decreased the rate of mineralization in young bone. In previous studies, 
vitamin D deficiency (6) and calcium deficiency (27) were also found to 
inhibit these two processes of mineralization; however, in both instances 
hypocalcemia was present, whereas in this study fluoride inhibited minerali- 
zation without affecting the serum levels of either calcium or phosphorus 
(Table 3). 

The increased endosteal bone resorption in the group treated with 100 ppm 
fluoride in the drinking water in experiment 1 (15 days) resulted from an 
enhancement of two aspects of the process of bone resorption. First, the 
rcsorptivc activity of osteoclasts per unit of resorbing surface was increased 
as evidenced by the increased linear rate of bone resorption. Second, the 
percentage of the endosteal surface involved in resorption was increased 
suggesting that the total number of osteoclasts was increased (i.e., that the 
differentiation of osteoprogenitor cells to osteoclasts was stimulated). It 
should be emphasized that since fluoride is mainly deposited in young bone 
(21 ; Baud And Bang, p. 27) and since none of the bone formed during 
fluoride administration was resorbed by osteoclasts in our sampling site 
(Fig. 5), the ability of osteoclasts to resorb bone containing a high concen- 
tration of relatively insoluble (7) fluorapatite was not tested in this study. 

In terms of percent change from control values, fluoride increased perios- 
teal formation much less than endosteal resorption; however, formation is 
an order of magnitude greater than resorption in the diaphysis of a growing 
rat. Consequently, a relatively small change in formation will have a sub- 
stantial effect on the net amount of bone accumulated per day. Accordingly, 
fluoride increased bone area as well as total area (the area encompassed by 
the periosteal perimeter) and medullary area. Thus, the, long term effect of 
fluoride administration on diaphyseal bone is a generalized increase in cross- 
sectional dimensions (Fig. 10). These changes appear to be a characteristic 
effect of long term fluoride administration, since an increase in the external 
diameter of bone accompanied by an enlargement of the medullary awity 
has been found in both cattle (15, 19) and man (25) after long term exposure 

to fluoride. _ . . 

The results of the present study are similar to the majority of our previou. 



EjT«» of eucriJi OTI tv, nefonffiH-t>n-iPthetf/ « 

from patimis treated with fluoride (3)- However, 
two dltTerences in the results of these two studies deserve comment. First, 
usin» the tetnicncline Ubehn| technique. v.e pmiousiy concluded that tht 
hncM nte qC bo'ttc fortnation x'us decreased in osteoporotic patients treated 
w ith Uf^ <iv'5es of fluoride. As demonstrated w the present study and in ou; 
prericus'studv. Buoride decreases the mineialijation rstc and as a resuV 
lct^c^ cE"* diffuses into recently mVneraliicd bone further than normal. Th's 
chanir ccerremises the accuracy of the measurement of bone apposition 
In b'opies but »as corrected for in the present study, and consequently it is 
possible that cu? previous obtervatiort in humans on this parameter was ^n 
error. Secoed, althouah v.c found an increase in the amount of surface io* 
N ohtd IT. ciiicdistic resorption in humans, changes in the cytolo^c features 
of ottecelistJ suT^ted that the rate of bone resorption might stilt be de- 
creased. Ir. v-«.'cf iJ.e results of this study and those of others (1 5), it is 
probab’e that cstwcfastic bone resorption is increased in humans treated 
with flu(jri«ie. 


Although the oral dose of fluoride on a body weight basis was higher in 
ih»s stud) than m ouf previous study in humans, the concentration of fiuo* 
ndc in bane was sitniUr «n the two studies. Since rats of the age used in this 
study dfjfili. about |0 ml of water pa’ day, the daily dose of fluoride w^is 
about 3 mglg bodt wet^h for the gfoup ^\tn 30 ppm in the drinking 
water and lOmg/kgbodyweighu'nihcgroupgKcn JOO ppm in the drinking 
water In contrast, the dose of fluoride used to treat patients with osteo- 
porosis was about 05-1.0 mgfkg body weight. In experiment 1 fl5 days) 
there were 1458 ppm fluoride m the bone ash in the group given 30 ppm 
fluoride m the drinVmg water and 5095 ppm fluoride in the bone ash in the 


group given 100 ppm fluoride m the drinking waic^. Similarly, the concen- 
tiauon of fluoiidc m bone ash ranged briwccn 3.000 and 7.000 ppm in osico- 
porouc patients given high doses of fluoride (about 0.5-1 0 me/kf' bodv 
«,gh.) foro™ lo ,«o Thm, te«„c«tra<ra„ omuoridc in boni 

t;:: v'r”'"* ' 
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lunount of bone formed during fiiioridc administration in humans given 
fluoride for i to 2 years was considerably less than 38% of the total amount 
of bone in the iliac crest biopsy used for chemical analysis. Since the majority 
of fluoride uptake in bone occurs in areas of new bone formation (21), it 
follows from tlie above data that the concentration of fluoride in the bone 
formed during fluoride therapy was at least as high in humans in our previous 
study as in the rats in the present study in experiment 1. Therefore, it seems 
likely that the effective dose of fluoride used in the present study and that 
used in a previous study in humans are not as strikingly different as suggested 
from the dose per body weight comparison. Nevertheless, factors in addition 
to the concentration of fluoride in bone may influence the effect of fluoride 
on bone metabolism. For example, the sentitivity of bone metabolism to 
fluoride may differ in growing rats and adult humans. 

It has been suggested (15) that the fluoride-induced increase in periosteal 
bone formation is compensatory to poor bone mechanical performance 
which occurs after long term exposure to high doses of fluoride (22, 25). 
Because we found that the medullary area was increased during fluoride 
treatment, one might suppose that this change resulted in an increase in 
bone stress which in turn caused a stimulation of periosteal bone formation. 
However, bone stress was decreased (Fig. 11) rather than increased and 
therefore, on a mechanical basis the increase in medullary area could not 
have been responsible for the increased periosteal bone formation. Bone 
stress, as calculated in this study, takes into account the amount and distri- 
bution of bone mass but not the quality of the material composing bone 
mass. We evaluated one aspect of bone quality, collagen birefringence, which 
is primarily determined by collagen bundle orientation. We found that 
although collagen birefringence was considerably diminished after 113 days 
of fluoride treatment, it was only detectably diminished after 15 days of 
fluoride treatment. Thus, since the magnitude of the change in collagen bire- 
fringence appeared to be similar to that in periosteal bone formation after 
15 days of fluoride treatment, it is possible that this change in bone 
quality contributed to the increased periosteal bone formation. However, we 
previously found that the length of the bone forming surface was substan- 
tially increased after only a few weeks of fluoride administration in adult 
humans (3), and it is highly unlikely that the mechanical performance of 
bone is sufficiently impaired in such a short time period to account for this 
finding. Thus, although the mechanical performance of bone is impaired 
after long term fluoride exposure, it seems unlikely that a change in mechan- 
ical performance is entirely responsible for the early effects of fluoride on 
bone formation, at least in humans. 
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The results of a number of studies suggest that fluoride administration 
results in secondary hyperparathyroidism. Despite the fact that Raisz and 
Tavk concluded from indirect methods that parathyroid gland function 
was normal in rats treated for 6 to 12 weeks with large doses of fluoride (23), 
Yates et ol. demonstrated that parathyroid hormone secretion in rats was 
probably increased when fluoride was given by lavage (31). Nichols et a!. 
found that metabolic changes in bone biopsies from humans treated with 
fluoride were similar to those found in biopsies from patients with primary 
hvnernarathvroidism (20). In addition, we previously noted that the histo- 


measured by radioimmunoassay was inaeased as much as five fold in sheep 
iralcd wnh nuende for 1 week (|0). Thw, Ita (,ult of evidjna suegRfe 
lhal fluoride administration causes se£ondary h^perparalhyronitsm 
Jtt Hk present study secondary hyperparalhyroid/sm would be a reason- 
able exp analion for the observed inereasw in endosteal bone resorption 
endosteal resorbtag surface, and the Imear rate of bone resorption (27)' 
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l)ccn foiiru! in lliis region (29) and both enzymes arc known to be inhibited 
by fluoride in vitro (14). 

Although the mcclianisni whereby fluoride administration results in an 
increase in the .secretion of endogenous parathyroid hormone is not entirely 
clear, tlie latter probably results from an efTect of fluoride on bone mineral 
transfer rather than from a dircet cfTect of fluoride on the parathyroid 
glands (31). A net decrease in mineral transfer from bone to blood and thus 
a compensatory increase in parathyroid hormone secretion could result from 
any one or a combination of the following; (1) the formation of an increased 
volume of mineralized bone in conjunction with osteoblastic matrix forma- 
tion, (2) an increased rate of mineralization in this volume of bone, (3) de- 
creased ostcociaslic resorption, (4) decreased osteocytic resorption, and (5) 
a decreased level at which calcium in bone equilibrates with that in blood. 
The results of the present study rule out the second and third mechanisms 
and make the first mechanism theoretically tenable. The fourth mechanism 
cannot be ruled out because fluoride could decrease osteocytic resorption as 
either a result of the formation of relatively insoluble fluorapatite in the 
pcrilacunar mineral phase* or as a result of cell injury which we previously 
found to occur during fluoride administration. On the other hand, at least 
during long term fluoride administration, there appeared to be an increase 
in the number of resorbing osteocytes (3). Evidence to support the fifth 
mechanism was reported by Yates ct al. (31). They suggest that the de- 
creased solubility of bone salt after the incorporation of fluoride ion de- 
creases the level at which bone and blood calcium equilibrate and as a result 
there is a compensatory increase in endogenous parathyroid hormone secre- 
tion. However, their data do not clearly rule out either the first or die fourth 
mechanisms cited above. Furthermore, the changes they observed were ob- 
tained when fluoride was administered by a lavage but not when it was given 
orally as in the present study. In conclusion, increased parathyroid hormone 
secretion during fluoride administration could result from the formation of 
an increased volume of mineralized bone, impaired osteocytic resorption, or 
a decreased level at which calcium in bone equilibrates with that in serum. 

An alternate possible mechanism for the observed increase in osteoclastic 
resorption is that, instead of increasing parathyroid hormone secretion, 
fluoride stimulates adenyl cyclase activity in bone and this results in an in- 
creased bone concentration of cyclic AMP which is believed to be a mediator 
of the effect of parathyroid hormone on bone (9, 28). However, the studies 

* m.,nride could have an early effect on osteocytic resorption because pcrilacunar 
turnover is probably relatively rapid (4). 
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ofOusEatidAuRBACHindicatetMUT^cdoscoffluoridenecessary to stimu- 
late adenyl cyclase m bone is too high to be compatible with cell viability ( ). 


SUMMAK'f 

The processes of bone formation, mineralization, and resorption in the 
diaphysis were studied, Vising <)viantitative histological methods, in rats 
treated with 30 to 100 ppm fluoride ia the drinking water for from 15to 113 
days. The concentration of fluoride in the ash of bone formed during fluoride 
administration was not more and probably less in this study than that pre- 
viously found in osteoporotic patients treated with high doses of fluoride for 
1 to 2 years. Three major effects of fluoride on bone were found: (1) an in- 
crease in periosteal bone formation, (2) an inhibition of mineralization in 
young bone, and an metease in endosteal bone resorption. The longterm 

(1 13 days) effects of fluoride on formation and resorption in diaphyseal bone 
nere such that (here wasa generalized increase m cross-sectional dimensions 
(i.e., total area, medullary area, and bone aita were all increased), These 
quantitative histological findings m fluoride treated rats are, for the most 
part, similar to the changes we previously observed m osteoporotic patients 
rreated wiih high doses of fluoride for 1 to 2 years. 

Although the cause of the increased periosteal bone formation was not 
established, it was not secondary lo the enlargement of the medullary cavity 
on a mechanical basis because we found that bone stress was decreased after 
lluotide treatrocm. Fluoride delayed the onset of mineralization and also 
decreased the mineralization rate in young bone without altering the serum 
levels of calcium or phosphorus. Thus (his study clearly demonstrates that 
inhibition of mineralization can occur wUhourareducfion in either the serum 
calcium, phosphorus or calcium phosphorus product. The increased endos- 
teal bone resorption resulted from (1) an increase m (he resorptive activity 
ot «l50c}a!ts per un.t of re»tbing surtacc and (2) an incraw in ftn perrem 
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The action of fiuorMe on bone* 

C. Rtcrr and E. Feist 


Wc slialt dcalwitli two topics having to do with the potential usefulness of 
sodium fluoride as a method of treatment of metabolic bone diseases; the 
strength of fluorotic bone and the mechanism of action of fluoride on bone. 
Before doing this, wc wish to emphasize that, although we will deal with the 
concept of using sodium fluoride in the management of human osteoporosis, 
wc do not believe its use currently is justified, either as a preventative measure 
or for therapy of osteoporosis. Although information brought out in this 
volume is encouraging, wc still do not have adequate knowledge of efficacy, 
safety and how to properly control therapy. Therefore, its use in humans 
should be limited to appropriately designed clinical studies. 

I. STRENGTH OF FLUOROTIC BONE 

The practical issue one is faced with in attempting to access the thera- 
peutic effect of sodium fluoride is entirely different than that with any other 
form of treatment of osteoporosis. This is because, in the case of every other 
currently used method of treatment, there is a high presumption that bone 
formed during the period of treatment is of good quality and, therefore, that 
if an increased bone mass were demonstrated, it could be assumed that bone 
strength would be increased. The problem is that there has not so far been 
a convincing demonstration that these other agents cause an increased bone 
mass. In the case of fluoride, there is no reasonable doubt that bone mass 
can be increased, but the significance of such change is uncertain, since the 
histological appearance of fluorotic bone is abnormal and its physical 
strength could not be assumed to be normal. Therefore, it is critical to esta- 
blish whether the strength of fluorotic bone is normal, decreased or increased. 

It is surprising that, in spite of a number of studies having been carried 
out (1), no definite conclusions can be made about the strength of bone 
when doses comparable to what has been given to humans are used. This 

* This work was supported in part by grants from the U.S. Public Health Ser\'icc 
(AM-9096 and AM-5498). 
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is because most of the studies were earned out on bone from expenmentaV 
animats given very high doses of fluoride, while in humans with industrial 
or environmental exposure, the dose of fluonde was unknown, but very 
often probably higher than has been used to treat osteoporosis. There is no 
question that very high doses of fluoride will damage bone, causing severe 
osteomalacva and osteoporosis (3) The question is whether, at a lower 
dose such as has been given to humans with osteoporosis, the material 
strength of bone would still be normal. 

hfeihods. In order to evaluate this question, we have reared Sprague 
Dawley rats on a nutritionally adequate diet containing 0 6% calcium, 
04% phosphorus and two umts of vitamin D per gram, but no fluorine. 
In order to reduce the exposure to fluonde during inWa-uterine life and 
nursing, the mothers were placed on the same diet, starting 5 days before 
delivery. When weaned at 2l days of age, sixty female rats were divided into 
five groups, which took distilled water containing 0, 5, 1 5, 30 and 70 ppm 
fluotidc, respectively for 16 weeks. The animals were killed, weighed and 
the two femora and first four lumbar vertebrae were dissected free. One 
femur was kept moist at 4'’C until testing. It was weighed iind marked in 
the exact center with a pencil. The bone then was placed across a 1 cm 
bridge, tn such a manner that positioning was uniform from bone to bone, 
and loaded perpendicular to its tong axis, "nve toad was applied at the mid- 
point of the bone at the rate of 5 mm per min until it fractured, using an 
Instron testing instrument. Conical and medullary thicknesses at the mid- 
point of the contralateral femur were measured from enlarged photographs 
of x-rays Fluoride concentration of the second lumbar vertebra was mea- 
sured on solutions prepared from alkaline ashed samples, using a fluoride 
specific electrode Fluoride concentration was expressed in terms of the wet 
weight of the bone. 

Tlie significance of the differences found between control ammals and 
groups given different doses of fluoride was evaluated by means of the t test 
using a two tailed distribution Mufliple regression analysis was used to 
evaluate the dependence of a number of parameters on the concentratton of 
fluoride in bone 


Rejiills The accuracy of the measurement of bone strength was tested bv 
comparing the stress at failure of both femurs of a separate group of control 
ammils. The results me bsted in Table 1, and show a high degree of com- 
parability between the force necessary to factare (he Wo femsKs of any 
given rat (coefficient of variation was 1.0%) but, even though the tats were 
comparable as to strain, age, sea, weight and diet, a greater variability 
fiom rat to rat (coeRlcient of vatiation was 86%) ^ 
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Table I. Comparison of the stress at timcoffracturcofthc two femurs of control rat 
Rat iiiiinhcr Stress at fracture (kg) 


Right Left 


1 16.2 16.0 

2 21.5 21.4 

.1 15.7 16.1 

4 17.3 16.8 


Tabic 2 presents several measured parameters in the five groups of rats. 
All animals gained weight at the same rate. The concentration of fluoride in 
(he bones of the control animals was very low and (he diflerences between 
groups were marked. Bone weight, cortical thickness and bone diameter all 
were significantly increased in the rats receiving the highest dose of fluoride. 
Bone strength was significantly increased in the animals given 30 ppm 
fluoride in the drinking water, as compared to the control group. There 
was no significant dilTcrence in deformation of the bones as they were stressed 
in any of the groups. When a regression analysis was done to test body 
weight and bone fluoride concentration together against bone weight as the 
dependent variable, each was found to contribute significantly to the strength 
of the regression. Thus, this analysis confirmed a significant overall positive 
correlation between the concentration of fluoride in bone and bone weight 
(F — 12.4, p < .01) which was independent of and in addition to the 
expected high degree of correlation between bone weight and body weight 


(F = 39.8, p < .0001). . 

The relationship between bone strength and fluoride concentration in 
bone is illustrated in Figure 1 . As also indicated by the data in Table 2, 
stress at fracture was similar in control animals and those having more than 
4,000 ppm fluoride in bone (which were those receiving the highes'. dose o 
fluoride). However, bones from animals in the middle range (2,000 to 4,000 
ppm fluoride in bone; the group given 30 ppm fluoride in water) withstood 
more stress than animals either on a low or high dose. The relationship 
between stress at fracture and several other parameters was examined, using 
multiple regression analysis. When all of the animals were tested, no signi- 
ficant correlation was found between bone strength and any of the following, 
body weight, bone weight, bone length, bone diameter, cortical thickness or 
fluoride concentration. However, when the animals receivmg the highes 
Hncp of fluoride (70 ppm) were excluded from the analysis, a signi ica 

1 da r 

(?= 5.9, P < -O*)- The strength of the regression was not significantly 




Table 2 Measurements made on rats exposed to different doses of fluonde in drinking water for 16 weeks 



Significantly different from control group (p < .01) 
All groups significantly different from each other. 
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Fig. 1. The stress at fracture of the femur is plotted on the ordinate and fluoride 
concentration in tlic entire 2nd lumbar vertebra of the same animal on the abscissa. 

increased when the following were added to the regression; body weight, 
bone weight, bone length, bone diameter and cortical thickness. Thus, there 
was a significant positive correlation between fluoride concentration and 
bone strength which was not contributed to by these other factors. 

Comments. This study was designed to provide a range of doses from zero 
to a mildly toxic level. The precautions taken to ensure low concentration 
in bone of the control rats are necessary because of the high concentration 
of fluoride normally found in rat chow. Our success in reducing ex'posure is 
shown by the low concentration of fluoride in bone of the control group; 
only Vio of that in the animals given 5 ppm fluoride in their drinking water 
(see Table 2). We chose 70 ppm fluoride for our highest dose because pre- 
vious studies have shown that animals given more than this amount gained 
weight less rapidly, presumably as a result of intestinal or other soft tissue 
toxicity. 

Although we have no measurements of the absolute dose given these rats, 
some assessment of it can be based upon measurements of body weight and 
water intake. Our best estimation is that the rats given 15 ppm took 1.2 to 
1 mg fluoride ion/kg body weight/day, which is comparable to the dose 
range used in humans, while the rats given 70 ppm fluoride received about 
4 times as much. 
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Because the femur not used for lesung was saved for another study (4), 
the concentTMion of fluoride was mcasufed in the 4th lumbar vertebrae 
rather than the femur. We assume that the concentration of fluoride in the 
two bones would be different but related in some replar way, so that what 
was found in the vertebrae can adequately chametertze the state of fluorosis 
of the femur. The concentrations obtained in the control group were iower 
than found except from animals reared •undctslmflarly covvtcoUedconditioas. 
The concentrations of fluoride in bone of animals given 5, 15 and 30 ppm 
fluoride covered the range observed in human bone where there has been no 
unusual exposure, with the concentration of fluoride of rats receiving 5 ppm 
fluoride being similar to what is found in childhood and the bone from rats 
given 30 ppm fluoride being comparable to what is found in bones of old 
people and in some cases of minimal fluoride induced sclerosis (1, 18). The 
tats receiving the highest dose had concentrations of fluoride in bone similar 
to what IS found in mild osteosclerosis (1, 18). 

There IS no question that what was being tested m this study was uni- 
formly fluorotic bone, as the skeleton present at the time of weaning is 
entirely replaced by new bone well before 16 weeks of age. Thus, the ob- 
served mechanical properties could not have been due to residual, non- 
fluoroiic bone 

The relationship we observed between bone mass and fluoride dose 
appears rigorously established Not only was there a significant difference 
between groups (Table 1) but there was also a significant positive overaJJ 
correlation between bone mass and fluoride concentration which was not 
dependent upon the relationship between bone mass and body weight. This 
indicates that, under the conditions of this study, fluoride had the expected 
biological effect Measurements on parameters of bone growth and resorp- 
tion m these same animals are reported elsewhere (4) 

In View of opinions that fluorotic bone is brittle, it was of interest to find 
no evidence of any difference in strain (deformity of the bone as it was 
stressed to the point of fracture) m any of the groups (Table 1). 

The basic objective of this work was to determine whether or not the 
strength of fluorotic bone is normal If so, or if it were increased, then it 
would be permissible to assume that the demonstration of increased bone 
mass m a fluoride treated patient could indicate that he was being aided by 
therapy (We define bone strength operationally as resistance to fracture 
under the conditions we used to apply stress). 

All of Ihc findings presented support the conclnsion that, svithin the ranee 
ot doses used and under the specific conditions of tins experiment there 
«as no reduction of bone strength. Indeed, we found significantly increased 
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rcsistiiiicc to fracture in tlic animals given 30 ppm fluoride in drinking water, 
indiciiting ineieased bone strength in. this group. However, the conclusion 
that bone strcngtii was increased must be regarded as preliminary, requiring 
verification by similar findings in another comparable experiment. This is 
bcctiuse the speeific hypothesis we set out to test was that, within the dose 
range examined, there would be a linear relationship between dose and bone 
mass and strength. This was found in the case of bone mass and the con- 
clusion in respect to bone mass is valid. However, the relationship found 
between dose and bone strength is non-linear (Fig. 1) and, therefore it is 
possible that the calculated statistical significance is spurious. However, the 
relationships observed remain as the most probable correct description and 
as a basis for future confirmatory experiments. These results indicate that 
bone strength in animals receiving 0, 5, 15 and 30 ppm fluoride probably 
was positively correlated with the concentration of fluoride in bone, but not 
with bone weight or body weight. They indicate no correlation with bone 
diameter or cortical thickness, but,thc^sela^r results cannot be viewed with 
the same confidence as the correlations involving bone strength, bone mass 
and body weight, since the measurements of cortical width and bone dia- 
meter were made on the contralateral femur rather than the one that was 
fractured. Nevertheless, they probably are valid, since the strength of the 
two femurs of any given rat is almost identical (Table 1, coefficient of varia- 
tion 1 %). The reason for the differences in bone strength, both among the 
control and fluoride treated rats, is not clear. It could be related to factors 
such as tensile strength, elasticity and viscosity, that contribute to the 
material strength of bone, or to differences in gross architectural features 
such as bone diameter, cortical thickness and shape or location and size of 
intra-cortical vascular spaces. We would expect that parameters of mass, 
such as weight and cortical thickness, and that bone diameter (4) would be 
important in determining the resistance of the femur to stress applied per- 
pendicular to its long axis at the center of the shaft. If the observations 
reported here, that they were not, were to be confirmed in another group of 
rats, it would raise the possibility that the material strength of bone had 
been increased as a result of fluoride exposure. 

II. MECHANISM OF ACTION 

Although so little is known at this time that any consideration of mecha- 
nism of action of fluoride on bone must necessarily be highly speculative, 
we believe that we must analyze what we do know, so as to have a framework 
within which a rational approach to therapy can be constructed. Accordingly, 
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«c\vill discussin some detail whatwcproposemaybe the mechanism of action 
of sodium fluoride in bone; but emphaaie first that much of what we will say 
is speculative (but no more so than would be necessary for presentation of 
any other concept of fluoride action on bone). 

The most widely accepted concepts of how fluoride might act on bone 
(1, 5-7) include one or more of the following; a) Concentration of fluoride 
m bone, with formation of mixed hydroxyfluorapatite, presumably mainly 
in bone laid down during the ttme of ffuoride administration, b) Because of 
decreased crystal solubility, inhibition of osteoclastic bone resorption; par- 
ticulanly resorption of bone laid down during the period of fluoride admin- 
istration c) Secondary hyperparathyroidism, presumably to maintain cal- 
cium homeostasis, leading to d) increased differentiation of osteoclasts* and 
osteoblasts. 


There is a substantial weight of evidence for several of these concepts. 
There is no doubt at all that flu«^e is highly concentrated m bone. Evidence 
for reduced solubil.ly includes Mdi^sSlimttnloas that fluorolic bone is less 
soluble (8) and evidence that a mixed hydroxyfluorapatite is formed after 
cillier fong term exposure (9) or as a result of a therapeutic trial lastine 
about one year (10) Bone of animals treated with sodium fluoride has been 
found to show a lower resorptive response when large exogenous doses of 
parathyroid hormone are given (II). Furthermore, there ts direct and in- 
ima evidence for secondary hyperparathyroidism in fluoride treated ani. 
mals and man Histological appearance (2) and biochemical changes (7) 
have been found which are suggestive of hyperparathyroidism, and struc 
tural and chemical evidence of parathyroid hypertronhv has hr.„ f„ 7- 
Buoride iremed humans (12, a'nd m^blts (IdTahht^ " H," 

Most compelling ,s the direct measurement of the concentration of ^ 
J^hjrord hormone in blood, using the radioimmunological assay 
five fold incrca«: has been found when sheen wer/br^^r j ^ 

fluoride ion per day (13). ^ wuh 100 mg 

Although all of (hese points all must b= accounted for .n Hi. • u 
mechanism of fluoride elTect, there are several tacH tha " t d m "I ' 
evpiain m terms or.he concept stated above. The unit o^ flrorid^ect 
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bone is far too rapid to be related in any significant way to the bone laid 
down during tlic period of fluoride administration. This is obvious when 
one considers the rate of renewal in the adult skeleton; it takes 10 to 20 
years or more for half of the mass of human bone to be replaced. In con- 
trast, the clfcct of fluoride on bone starts to be expressed within wftks to a 
month or so after treatment is started. Yates, Doty and Talmage (15) 
found evidence of hyperparathyroidism within days of starting to treat rats 
with sodium fluoride and Faccjni and Care (13) found the concentration 
of parathyroid Iiormonc in blood of sheep elevated one week after starting 
treatment. Calcium retention (12, 16) and increased osteoblastic differentia- 
tion ( 1 7) have been found within 2 to 3 months of starting to treat humans with 
sodium fluoride. These periods all are so short that it appears very unlikely 
that a significant part of the crystals of bone would have been forrned as 
hydroxyfluorapatitc. Thus, although the reduced solubility of fluoridi laden 
bone crystals in bone laid down during fluoride administration unquestion- 
ably would play a significant role under conditions of prolonged administra- 
tion, it is doubtful that it is necessary or important in the initiation of fluoride 
effect. Furthermore, reduced crystal solubility probably is not a major factor 
in maintaining effect of fluoride on bone. If it were, one would expect to see 
the effect of fluoride continue after treatment had been stopped, until much 
of the fluoride had been excreted from the skeleton. The rate of excretion of 
fluoride from the skeleton has been determined and is very slow; about 1 % 
of the dose remaining per week (18). Although additional evidence on the 
point is needed, there is general agreement that, the bone disease does not 
progress once exposure to fluoride is stopped. We and others have found 
that calcium retention ceased several months after treatment was discon- 
tinued; before any significant fraction of the fluoride deposited in the skele- 
ton during the previous treatment (32 months in our patient) had been 
excreted (12, 19). Furthermore, the data presented byScHENKetal. (17) (p.53) 
can be interpreted as showing a strong relationship between dose and 
almost all of the parameters measured, including the rate matrix formation. 
In the first year, the dose usually was high (80 mg fluoride per day or more) 
and the rate of matrix formation and several other parameters were elevated, 
while the histological appearance of the matrix and its mineralization both 
were grossly abnormal. In the second year of treatment, when much smaller 
doses usually were given (50 mg fluoride per day or less), the rate of bone 
formation and several other parameters still were elevated, but less so, and 
the histological appearance and mineralization of the matrix both appeared 
normal. These points all support a conclusion that the action of fluoride on 
bone may cease much sooner after therapy is stopped than would be ex-pected 
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it the aettoa tvere proportional .t. aow eK«tt ot gttorttfe itt borte formed 
during the period of exposure. 

For the reasons etled above.M believe one must look to someolher pro- 
perty of iluoride than its effect on crystals in newly formed bone. The hypo- 
thesis we favor follows on our earlier speculationsahoutthcactton of fiimride 

tn bone (16) and is based principally upon the two most conspicuous aspects 
of nuorttle metabolism in mammals; that it is concentrated at the surfaces 
of bone and that it is toxic to cells. 

The first assumption is that fluoride h not distributed evenly throughout 
bone, but rather, that it is highly concentrated in two specific regions. These 
arc, a) those areas of bone formed during the lime of administration, when 
the* blood concentration of fluoride is high and, b) the surface layer of bone 
immediately bordering upon the osteocyte lacunae and canniculae The 
former locahiation is obvious and well accepted, but the latter has not been 
Suggested and deserves coentnent. In principal, during administration' of 
fluoride, its concentration in blood and extracellular fluid rises, somewhat 
proportionately to the dose. The extracellular fluid perfuses the osteocyte 
lacunae and canniculae, bringing fluondc into contact with these surfaces of 
bone. Presumably, it both Is adsorbed at high concentration at this inter- 
phase and incorporated into (he crystal lattice, so that the concentration of 
fluoride m this region may conceivably be quite high. Since it must pass 
from this region if it is to reach micrtacunar bone, ji can be concluded that 
Its concentration m this region will be greater than in mterlacunar bone. 
Houever, it is likely (hat fluoride \ou would not migrate deeply mto \ntet- 
lacunar bone, since crystals m fully calcified bone are so closely packed as to 
partially exclude fluid and strongly impede diffusion of ions. Accordingly, 
uc propose that fluoride would beconccntraled at the lacunar and cannicular 
surfaces, rather than evenly distributed throughout mterlacunar bone, as 
illustrated schematically by Tig. 2. We have not been able to evaluate this 
powibiliiy directly because of analytical difficulties and, therefore, offer as 
an analogy. \>hai is found when one gives tetracycline; a molecule which 
also binds fimily to boon raitrerai and which can he distinguished m hone 
because of its lluotescence. Withm the iirst day or so of its intravenous 
administration, tetracycline is found in areas of bone apposition, as expected 
but also m a sharp zone along the borden of many of the osteocyte iaounae 
ami canniculae It is this dislnbulioii which accounts for the huorescence in 

meas of ptefotmed bone afteradose of tetracycline ,s given; the iuterlacuoar 

bone remaining unlabeled. The lelniqicline fluorescence in this zone is not 
permanent but, rather, if additional doses ace not given, diminishes gratl. 
ually 01 er a period of weeks (20) We mterpret this tetracycime uptakelo be 
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Fig. 2. A schematic representation of the distribution of fluoride in bone formed 
prior to the time treatment with fluoride was started. The regions of intense stippling 
represent areas of liigli local concentration of fluoride. 


due cititcr to deposition at crystal surfaces in areas of low mineral density, 
or to binding with newly precipitated crystals in this region, or both. We 
interpret the subsequent gradual reduction in fluorescence as the result of 
mobilization of some of the mineral from the border of osteocyte lacunae 
and canniculac, presumably as a result of osteocyte metabolic activity. The 
calcium, phosphate and tetracycline so mobilized presumably pass either 
back into the blood, or deposit elsewhere in the cannicular system. The 
assumptions we make are that tetracycline is a fair marker for such distribu- 
tion of calcium and phosphate and that fluoride in bone would have the 
same distribution as tetracycline. 

On the basis of the evidence and opinions discussed above; we conclude 
a) that fluoride in preformed bone is concentrated mainly in a surface located 
layer of mineral at the border of osteocyte lacunae and cannkulae and b) that 
fluoride in extracellular fluid of bone is in a rather slow equilibrium with the 
fluoride in this mineral phase, as a result of osteocyte regulated removal and 
deposition of mineral in this region. If these conclusions are valid, one can 
derive the following. Since the amount of fluoride which would remain in 
solution in extracellular fluid adjacent to apatite of bone presumably is very 
low, bone cells would not be exposed to high concentrations when they were 
not resorbing bone. However, it is evident that any cells which resorb bone 
necessarily would be thereby exposed to a significant concentration of 
fluoride. This specific exposure would hold for osteocytes and osteoclasts 
throughout bone, both of which would be subjected to a concentration of 
fluoride which would be approximately proportionate to the intensity of the 
resorptiye process. It could be speculated that the exposure of osteocytes, 
which are entirely surrounded by a surface on which fluoride probably is 
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JTg 3 The se'cniy of the homeostatic Jesion is ptoiJed as a set of dtscrete mere* 
ments (A). This lesion i$ assumed to he inhibition metabolic function of osteoclasts 
and osteocytes resulting from each increase m floonde in adjacent bone Each 
decrement of resorption efflciency (B) is seen as causing hypocalcemia (C) This m 
turn causes an increased secretion of parathyroid hormone (D), to just that degree 
necessary to drive osteocytic and osteoclastic rcsorptive processes back to the 
originallevel. thereby, restoring eucalccmia However, each parathyroid hormone 


cemraiions or activiues 

cOTOnmied Md ivh,ch e.„sl fortlicr away from ,hs blood stream would be 
subjKied to a htgher eonecnlration of Duorrde upon resorbtog bone than 
would be the osteoclasts ® 

What Iluonde does to these cells is unknowm* We believe the action on 
bone cells would be a toxic one and that the consequence of a high regional 
concentration of Huoride would be inhibition of the resorptivfSom 
• An interesline possibility Is that it might initiate the 
as aoesnarathyroia hormone, through directly activatings’ i' e l'“r5n ^ m'"'* 
anivaiion „ requires 200 ppm duonde. a con«nlta\iL n‘ n “ ' 
could occur in the extracellular liuid of bone it resomlion „c 
high surface concenitalion, but which is very much ab^ve wh,t 'ml' “ 

ssith cell funclion. A lower conoenlralioo. which could be Me, , n consistent 
might be effective m iiio. Hnwever. the Iiictllu.ri™r I L by living cells, 
tralion rises when fluoride IS iiven ngatnst tW pSlS"''' 
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Scrum 

Fig. 4. A sclicmalic representation of the effects of fluoride on calcium homeostasis 
and bone metabolism. The lines ending in a perpendicular bar indicate inhibition; 
those ending in an arrow indicate stimulation. 


Osteoblasts 


There is ample evidence that fluoride passes into cells and that it inhibits 
numerous enzyme activities (1, 21) and therefore, the concept that metabolic 
function might be inhibited when cells are exposed to high fluoride concen- 
trations is reasonable. The high local concentration of fluoride presumably 
would promote formation of hydroxyapatite and reduced crystal solubility 
in these regions, further inhibiting resorptive efficiency. The probable con- 
sequence would be an increase in parathyroid hormone secretion to just that 
degree necessary to compensate for the inhibition of homeostatic bone 
resorption; thereby maintaining the concentration of calcium in blood at or 
near the normal level. An analysis of how these events would follow upon a 
fluoride induced lesion of bone resorption is presented in Fig. 3. 

The overall metabolic consequences of fluoride incorporation in bone are 
illustrated in Fig. 4. Iff this figure, it is assumed for convenience, that osteo- 
cytic resorption has mainly to do with calcium homeostasis and that osteo- 
clastic resorption has mainly to do with bone remodeling. The concept 
presented is that the degree of hyperparathyroidism exactly compensates 
fbr the fluoride induced inhibition of homeostatic bone resorption. I assume 
for the purpose of this discussion that parathyroid hormone stimulates 
osteoblastic as well as osteoclastic differentiation and therefore, that' there 
is a stimulus to osteoblastic differentiation that is proportional to the seventy 
of the inhibition of homeostatic resorption (ultimately, to concentration o 
fluoride in blood). There is a great deal of indirect evidence to support f le 
rent tint parathyroid hormone directly stimulates osteoblastic differen- 
SZ, but U «maJs unproven. A,.hongb score direct action of Bnoride on 
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osteoblastic difTcrcntiation cannot be excluded and certainly may occur, it 
seems less likely than an indirect action based upon secondary hyperpara- 
thyroidism, as proposed here. , 

Assuming that there is increased osteoclastic and osteoblastic difTerentla- 
I'lon, the expression of the former would be somewhat offset by the cytotoxic 
action and the reduction of crystal solubility caused by fluoride However, 
the same factors would not operate to the same degree to inhibit the expres- 
sion of osteoblastic metabolic function. Accordingly, an increased rate of 
bone formation with a slightly increased, normal, or even decreased rate of 
osteoclastic bone resorption would be predicted as the overall result 
Clinical implications. Fig. 5 presents a therapeutic rationale in the form 
of an analysis of the effects of administration of fluoride on bone formation 
and resorption, based on the assumptions and concept already discussed. If 
this is \-a\id. all of the effects of fluoride on bone foffowr in a single sequence j 
that IS, the toxic effects can be seen as exaggerations of the potentially 
therapeutic actions. Furthermore, the implications are that the concentra- 
tion of fluoride m blood may be the critical determining factor, both for a 
potentially therapeutic effect and of the toxic effects: a point that recently 
has been gi\en deserved emphasis by Taves (22). It is important, therefore, , 
to establish as soon as possible, the relationships between dose, period of 
administration, concentration m bone and concentration m blood Given 
this and some idea of the lower limit of toxicity, a rational aoDroach tn. 
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c- <; The abscissa represents three different dose rates (ineffective, therapeutic 
Tnd toxic). The lower line in Fig. 5 A shows the concentration in blood and extra- 
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cellular fluid (ECF) With high dose rates, the concentration raises to the point 
wbAre It i.1 toxic to cells. The upper line shows the increased concentration of 
fluoride in ECF in the region of ceils that are actively resorbing fluoride laden bone. 
Fig. 5 B shows the resulting inhibition of bone cell function. Osteoblasts and, except 
liuiing active resorption, osteoclasts and osteocytes are inhibited only at very high 
dose rates, as shown by the lower line The upper hne indicates the inhibition of 
osteoclasis and osteocytes as a result of a high local concentration of fluoride pro- 
duced by resorption of fluoride laden bone. Fig SC illustrates the hypolheticaied 
stimulus to bone cell differentiation, given as a function of inhibition of resorption 
In the absence of direct evidence that points elsewhere, this mechanism is presumed 
to by hyperparathyroidism and the line in 5C is presumed to represent the con- 
centration of hormone m blood. Fig SD illustrates the consequences upon the 
number of cells and function of these cells tn bone. Osteoclastic dilferentiation 
results in an increased number of cells but, because of fluonde exposure and 
reduced crystal solubility, their potential function is inhibited, proportionate to the 
concentration of fluoride in bone at the surfaces undergoing resorption. Osteoblasts 
also arc differentiated but function is inhibited only when blood levels are high. 



Fig 6 The rclatior'i"'" — 
fluoride in bone, c> 
humans and tower 


and 200 mg of the iluondc ion 
centrations of fluoride m bone 


The >«- 

« polemially the,"p"e„°; 
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norniiil appearing bone and no evidence of generalized toxicity when the 
concentration in blood is maintained between 0.1 and 0.2 ppm, and that 
concentrations above this arc associated with increasingly severe histological 
.'ibnormalitics in bone and generalized manifestations of toxicity (22). Using 
the small amount of data which is available, Taves concludes that adminis- 
tration of around 60 mg fluoride ion per day probably will maintain the 
blood concentrations in the range between 0.1 and 0.2 ppm, but that there 
arc considerable individual difFcrcnces, depending upon different rates of 
absorption and of renal and bone clearances. Thus, all of the methods used 
above to evaluate the amount of fluoride which might be most likely to 
stimulate bone formation with minimal adverse consequences point towards 
a dose in the neighborhood of 50 mg of the ion per day, possibly reduced 
after a year or so. 
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Mechanism of action of fluoride in reducing dental 
caries 

G. N. Jenkins 


Ikforc describing current views on the mode of action of fluoride in reducing 
dental caries it seems desirable to summarise the main clinical observations 
on its caries-reducing action. 

1. Throughout the world it has been found that water-borne fluoride 
reduces dental caries in children. The optimum dose produces about 50% 
reduction and varies from 0,7 ppm (in warm climates with consequently a 
high water content) to about 1.5 ppm (in cooler climates). Higher doses do 
not have a greater cflect in reducing caries and above 2 ppm mottling be- 
comes objectionable. Artificial fluoridation has the same effect as fluoride 
present naturally. 

2. Owing to the known difficulties in scoring caries in adults there is less 
accurate information on the caries-reducing effect of a life-long intake of 
fluoride on older people. The limited evidence which has been collected 
suggests that the effect is present throughout life but may diminish somewhat 
in older age groups. 

3. For the full effect it is necessary to receive the fluoride during enamel 
formation (i.e. the first eight years of life) and afterwards. Some benefit 
(about one third of the maximum) is derived if fluoride is first received after 
the teeth are fully formed. 

4. The application of high concentrations of fluoride as dentifrices (usually 
0.1 % F), mouth washes (0.025% daily or 0.1 % F fortnightly) and painting 
on to the tooth (“topical application”) once or twice yearly (usually of 1 % F 
in various forms) are also clinically effective. It cannot be assumed that these 
very high concentrations work in the same way as I ppm in the water. 

5. The effect of fluoride on caries is far greater than that of any other 
substance or procedure except perhaps the total elimination of sweet-eating 
between meals. 

Several quite different mechanisms have been suggested for the action ot 
fluoride in caries and current evidence suggests that all may play a part but 
their relative importance is uncertain. 



M«hanism ofaclion orduonde in reducins dental canes 


EFFECT OF SOLUBILITY OF ENAMEL CRYSTALS 

Hydroxyapatite, the main constituent of bones and teeth, has a great 
affinity for fluoride svhicV. exchanges with the hydroxyl ion to form fluot- 
apatite which has usually been regarded -as a less soluble crystal. It is known 
that most of the fluoride in the body is concentrated by the calcified tissues, 
especially where they have access to body fluids, e.g. the endosteal surface 
of bone and the outer surface of enamel. When teeth or powdered enamel 
arc shaken with solutions of fluorides in vitro it can readily be shown that 
the introduction of fluoride reduces the solubility-rale of the tooth in acids. 
This simple c.\periment has such dramatic results that many have assumed 
that reduction in solubility explains the clinical effect in canes. There have 
been four attempts to test the theory by comparing the solubilities of teeth 
from people living with or without fluoride in their water (8). All have given 
general support to the theory because the teeth from the fluoride areas were 
found on the average to be less soluble than the controls, but the effect is 
small and not always statistically significant. Although it is a reasonable 
assumption that reductions in enamel solubility do reduce canes, it has never 
been prosed. 

The largest effect on solubility has been found m enamel which is already 
attacked by early canes, in early lesions, the enamel becomes permeable and 
fluoride can enter more readily; also, a low pH is known to favour fluoride 
uptake by apatite, and the pH in canous areas is lower than that of the 
mouth as a whole Enamel already showing carious changes may be 20% 
Jess soluble than intact enamel m the same teeth (4). 


THE MEANS DY WHICH FLUORIDE REDUCES 
SOLUBILITY 


Recent thinking, while accepting that fluoride may reduce the solubility 
of enamel, has raised doubts as to whether this can be explained on the 
basis that hydroxyapatite vs converted into fluorapatitc by contact with fluo- 
ride From recent results it is not certain that fluorapatitc really is less 
soluble than hydroxyapatite (6), but the question has not yet been settled 
Other mechanisms of affecting solubility have been suggested and they 
are worth discussing m some details because these points may also be impor- 
tant in the relation between fluoride and bone 
AI.»™mc suggestion are .ha. fluoride increases the sire of apatite crys- 
tals and reduces the number of crystal defeels-both these effects are known 
to occur m bone under the influence of fluoride(12), but whether this applies 
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to enamel is less certain (5). Another related suggestion is that fluoride 
competes with carbonate during apatite formation and there are reasons 
for believing that a high carbonate concentration in enamel lowers its resis- 
tance to caries. Some evidence supports this theory but it has been chal- 
lenged. 

Another difliculty in the solubility theory is that many ions are known to 
reduce the solubility of enamel in vitro (c.g. zinc, copper, iron and cadmium), 
but none of these have been shown to influence caries. Fluoride seems unique 
in its caries-reducing ctrcct but not unique in its efiect on solubility. A sug- 
gested solution of this difliculty is that fluoride reduces solubility in some 
unique manner and one reaction has been discovered which may throw light 
on this possibility. If phosphoric acid is titrated against lime water until a 
precipitate of calcium phosphate forms, and the mixture is allowed to stand 
for some days in the presence of fluoride, the pH of the supernatant and the 
composition of the precipitate change (J). One interpretation is that the first 
precipitate to form is CaHP 04 which, in the presence of fluoride, gradually 
changes into apatite. It is thought that apatite is the most stable and least 
soluble crystal which calcium phosphate can form. This theory suggests that 
the action of fluoride in caries is its unique ability to encourage the formation 
of this substance rather than other less stable crystal forms. This reaction is 
unlikely to be important during enamel formation because, even in the 
absence of fluoride in the water, the chief crystal of enamel is apatite and 
therefore the theory leaves unexplained the reported lower solubility of 
intact enamel in areas high in water-borne fluoride. It could occur, however, 
in a caries lesion, which is now thought to go through phases of softening 
and decalcification alternating with rehardening by reprecipitation of some 
of the apatite dissolved. It seems likely that fluoride is working on solubility 
in two ways: (a) modifying the enamel during formation so that if is less 
soluble (? higher proportion of fluorapatite ; ? larger, more perfect crystals), 
(b) encouraging reformation of crystals in the rehardening phase of caries 
and increasing the tendency for the crystals to be in the most stable and least 
soluble form (apatite). The final answer is still uncertain. 


morphological effects 

Animal experiments have shown that fluoride ingestion during tooth for- 
mation leads to smaller teeth with shallower and more rounded fissures (10, 
11) and similar observations have been made on human teeth in Hastings, 
New Zealand (2), although Wallenius (14) found that 1 ppm of fluoride 
was associated with a 1.7% increase in the size of the teeth. 



KUchamm of action of fluoride in redacing dental canes 


91 


These 6merences 'wouU bt expected to lead to less food stagnation, and 
greater access of saliva which JS both alkaline and highly buffered when 
vigorously stimulated. The effects are very small, however, and it is im- 
possible to decide whether these observed differences would have a signifi- 
cant effect on caries. 

ANTI-ENZYMIC EFFECTS OP FLUORIDE 

The V. ell-known effect of fluoride as an enxyme inhibitor raises the ques- 
tion of whether this action is exerted on the oral bacteria responsible for 
caries It has been known for years that many oral bacteria are sensitive to 
fluoride but the concentrations needed for marked inhibition (say, 10 ppm) 
seemed much higher than the concentration present in the mouth Saliva 
and pLisma were thought to contain about 0.1 ppmF bm recent analytical 
refinements suggest that the concentration is lower, about 0,02 ppm (7). The 
situation was transformed when n was discovered that the dental plaque 
(the layer of modified salivary protein and bacteria on the tooth surface) 
contained surprisingly high concentrations which were affected by the fluo- 
ride of the drinking water. Dawes, Jenkihs, Harowick and L^ach (3) 
reported an average of 25 ppm in plaques from children in a “low fluoride 
town" and 47 ppm where the water contained 2 ppm fluoride, although the 
range of variation was very large. These concentrations were adequate to 
inhibit but It was clear that most of this fluoride must be bound in some 
way, otherwise it would not accumulate The question now became: Is this 
fluoride bound m a form m which it can inhibit bacterial enzymes? Recent 
w ork supports strongly the conclusion that much of the fluoride is contained 
withm the bacteria in a form which docs reduce acid production The evj- 
cknee w that plaques from a "high fluoride town” produced less acid when 
standing with sugar than comparable plaques from a "low fluoride toivn f9> 


fluoridation v otam cultured on media containing varying 

concentrations of fluoride and after thorough washing the bacteria have been 
found to contain high concentrations of fluoride and to show inhibition of 
acid production proportional to ihcir fluoride concentration (9). 

In vitro experiments have shown that the synthesis by oral bacteria of 
imracellular polysaccharides from glucose is sensitive to fluoride (13 15) 
These stores ot polysaccharide may be of importance m proloneinj;’ acid 
produclion m the plaque beyond the time when sugar U availaUe during 
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Ciiting. If this is so, then one action of fluoride might be to reduee the storage 
iiiul therefore the duration of the faji in pH. 

The higli concentration of fluoride in plaque raises the question of whether 
it is wise to remove it by tooth-brushing. The answer seems to be that in 
spite of its fluoride content the overall effect of plaque is to damage the 
tootli and promote inflammation of the gingivae and its removal seems 
desirable. 

The source of plaque fluoride is probably saliva. The alternative possi- 
bilities are the enamel surface (known to be very high in fluoride, e.g. 
1000 ppm) or food and drinks. If fluoride were constantly diffusing from 
enamel into plaque it would be expected that the fluoride on the outer sur- 
face would gradually diminish with age, but most data suggest that it rises. 
Also, it is known that the fluoride present in apatite is tightly bound and 
most unlikely to be released. The fluoride concentration of food is low and, 
even after chewing and mixing with saliva, unpublished experiments in the 
author’s laboratory have shown that the fluoride coneentration in the bolus 
rarely exceeds 0.5 ppm and is usually mueh lower. Although certain drinks 
(tea and beer) eontain higher concentrations, their contact with plaque is 
slight and of short duration. Present evidence suggests that the slow but 
continuous flow of saliva over the plaque is the most likely source of its 
fluoride. 

CONCLUSION 

The evidence presented suggests that fluoride probably reduces caries 
because it possesses a unique combination of properties all of which may 
play some part. The question to be asked seems not to be: which theory is 
right? but; what is the relative importance of the various effects which 
fluoride seems able to exert? As mentioned previously, fluoride must be 
ingested during enamel formation for its full effect but approximately one 
third of its total action occurs if fluoride is received later. This implies that 
the greater part of the effect involves tooth structure, presumably depending 
on solubility or morphological effects. The fluoride taken up by early caries 
and the fluoride entering plaque presumably account for the smaller post- 
eruptive effects although some fluoride is incorporated into enamel after 
eruption. It seems likely that the surprisingly high level of fluoride in plaque 
in areas without fluoride in the water and the far from negligible concentra- 
tion also in all teeth probably exert some restraining effects on caries. In 
other words, the total value of fluoride cannot be fully measured by com- 
paring the caries incidence in towns with and without fluoride in the water. 
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The small quantities in saliva, food and drink which provide the fluoride in 
teeth from areas without fluoride in the water probably have an important 
protective role but this cannot, of couree, be measured as there is no means 
of knowing how much caries there would be in the complete absence of 
fluoride. 
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Fluorides arc being investigated for treatment of various bone diseases; they 
already have tlicir place in prophylaxis of dental caries and may turn out to 
be an aid in prevention and treatment of osteoporosis. 

On the other hand, if intake of fluorides in adults is high and extended 
over a long period of time, disturbances of bone metabolism follow and 
characteristic radiological signs appear. High fluoride intake might be due 
to high fluoride content of water (7), wine (8) or other foodstuffs, or to expo- 
sure to fluoride compounds in certain industries (3). 

The following study deals with industrial fluorosis: the consequence of 
long lasting exposure to cryolite and other fluorine compounds in aluminum 
pot rooms. Simple criteria for radiological diagnosis will be proposed and 
the implications on the health of the workers discussed. 

In the pot rooms of aluminum factories, aluminum oxide (AhOa) is 
submitted to electrolysis in a bath of cryolite. Before heating, the bath has 
to be filled with cryolite and aluminum oxide. During electrolysis, cryolite 
must be added, and also occasionally AIFj and NaF. On the surface of the 
electrolytes a crust is formed which is broken off from time to time. All this 
was done manually; during the manipulations, dust develops which might 
be inhaled and swallowed. 

Our experience in industrial fluorosis is based on 17 male patients with 
fluorosis who worked in the pot rooms of aluminum factories over periods 
of 11 to 46 years. The diagnosis of fluorosis was made through the typical 
radiological findings, a history of exposure to fluorides over a sufficiently 
prolonged period of time, elevated fluor values in bone combined with a 
compatible bone biopsy. All patients were evaluated on the basis of personal 
history, physical examination and routine laboratory tests. Special care was 
taken to find other diseases, particularly of the bones and joints. Serum 
alkaline phosphatase, calcium and phosphate were normal in all patients. 

Table 1 gives the age, length of exposure and the fluoride content in bone 
biopsies of the 1 7 patients with fluorosis. Fluoride was determined in samples 
of the iliac crest obtained by open biopsy or later by needle biopsy. Fluor 
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Tabic 1 . Aluminum pot-room workers with fluorosis (17) 


Afean 

Range 

Afedian 

Age (years) 

61 

52-66 

61 

Length of exposure (years) 

29 

11-16 

29 

Fluorivic content of bone (tUac crest;dried 




and defatted), gm F’/lOOgm bone 

0 372 

0135-0472 

0.325 


determinations were done on defatted and dried samples*. Another piece 
was submitted for histological examination. As the exposure of these workers 
goes b.ick as much as 46 years, wc have no quantitative estimates either 
about the amount of fluoride they were exposed to, nor about the amounts 
they absorbed. 


RADIOLOGICAL FINDINGS 

Increased density of the bone ts a generally recognized feature of fluoros/s 
(6) The bone not only has a milky appearance, but its normal trabecular 
struelurc is coarsened and later disappears (Fig. I). This change of slrnctore 
can be a more reliable sign than •'increased bone density", which ts often 
diificult to ditTcrcnciate from bad X-ray Icchmque. Only 9 of the 17 patients 
had cle.ir.cut increase m density or change of structure of the bone on X-rav 
films of Ihc pci™ and lumbar spine 

Aherations of Ihe spine were foundin all of our cases (Ffe 2 3 41 w,t(, 

Msificalion ot ligaments and outgrowth of bony spurs w£h'ota'forra 
bridges from one vertebra to another. These migh Lve 
implications, but are not pathognomic, as similar alteration L r . 
m olher paticms They occur with ineJeased r.euu:„rau™ h . be 

the well recognized signs of fluorosis (6 9). ^ ^ thus belong to 

The frequent lack of increased density or deransemem „r b , 

structure ofbonein our cates and Ihc nonspecificitv of the alt 

spme make both of these changes bad ente^fer the d« 

The more peripheral findings ofesostosis. apposition S „ 
ficalion or ligaments and tendon insertions andTetlTtif , ™ 
or new bone seem much mote speeifie and consian ™ 

Exostosis can be quite bizarre in shape (Fip 5 ) ^ r 

Appos,iio„or„eivbone,especlal,yon.he4bo„es!i:f:eq^^^^^^^^^^ 



Pig. !. Pelvis with increased density of bone and disappearance of trabecular 
structure. 



Pies 2 3 Lumbar and dorsal spine: ossification of anterior longitudinal ligament 
and extensive spur-formation, leading to bony bridges between vertebrae. 
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Fig 4. Cervical spine: 
gross spur formalion. 
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Fig 5. Exostosis of the left 
femur. 

Fig 6. Forearm apposition 
of new bone, ossification of 
interosseous membrane, ossi* 
fication of tendon insertions 
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Fig 9. Free osseous bodies at 
elbow joint, ossification of 
tendon insertions 


form ,‘tmn '"'erosseous membranes (Fig 6). New 

formation of aberrant bone, u.ihoul visible bridge to the miJr 

appears .0 be a co„.a„Uea.ure , Fig. 7, Perhaps 

ing oir of small exostosis. In one case (Pip 81 “rax- 

dcvcloped aficr surgical bone biopsy On a film taken rarlvTrr 
there «as no trace of bone in the tissL Small independent ho 

ucrethe most (re, uently present near or Cl 

constant lesions isere rounlH tte k7‘'“"j' 

consequence of trauma as iiell as nornuil actessorl “ 

seen in a general populalion. •nicrcfore. it seems that v'* 

arms and elbows would be the best vrav to sctp,. ^ ^•'‘ay films of fore- 

fluorotic bone changes. ^ Population for 
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Tabic 2. Radioloi’ical findings in industrial fluorosis* 


1. Increased density and/or altered structure (pelvis, lumbar spine) 9/17 

2. Ilony bridges between vertebrae 

Cervical spine 1/16 

Dorsal spine 10/17 

Lumbar spine 5/17 

3. Ossifications of interosseous membranes, bony appositions 

Forearms 12/14 

Lower legs 10/16 

4. Free osseous bodies, ossification of tendon insertions 

Elbows 11/12 

Knees 8/14 

Ankles 9/13 

5. Alterations ofboth elbows and forearms 10/12 

Alterations of both ankles and lower legs 6/ 12 


* Number of positives from patients with adequate x-rays. 


HISTOLOGICAL FINDINGS 

Histological examination revealed bone remodelling with increased den- 
sity and modification of mineralisation: osteoid seams are present and some 
cement lines are thickened and appear basophilic, as do certain bone areas, 
especially those around osteocytes. This remodelling does not seem very 
active; it expresses itself by the presence of endosteal osteoblasts and areas 
of fibrous osteoclasia. This picture which is seen in classical cases of fluorosis 
was observed in 4 of 1 1 biopsies thus examined; the other biopsies did not 
show bone remodelling but only disturbances of mineralisation. In one case 
the bone biopsy appeared practically normal. 


CLINICAL FINDINGS 

Most authors agree that chronic fluorosis can cause musculoskeletal 
discomfort and pain (4, 5), despite the fact that well documented cases of 
fluorosis in patients without any clinical symptoms have been published (9). 
Most of the patients with chronic industrial fluorosis are elderly persons 
who have been engaged in manual labour. Little information is available 
about the natural incidence of musculoskeletal symptoms and degenerative 
chanees in such populations. In addition, our patients consist of a selected 
proup chosen for suspicion of fluorosis and for symptoms. Only a proper 
fpidemiological study could elucidate the problem of wether persons of this 
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age and occupational background with chronic fluorosis have significantly 
more climcal symptoms wt cocUrast to a comparable group. In industrial 
fluorosis, there exists only one epidemiological survey done in Forth WjI- 
liams, an aluminium factory w\ Scotland (IV No increased incidence of 
symptoms >\as found in the workers with the highest exposure to fluoride 
as compared with the other workers of the factory. Only one case in this 
study IS comparable in seventy with our cases, judging by the X-ray reports 
given in the paper. 

All but one of the 17 patients complained of vague pams and stiifness in 
the lower and upper extremities, shoulders, neck and lower back. In none 
of the cases could another disease of the bone of of the joints be found, 
except atthtotic lesions. The relation of fluorosis to arthrosis is not clear. 
Some years ago, the hypothesis was suggested that degenerative changes in 
cartilage might be the consequence of alterations in the subchondral bone 


(21. This seems to be a good possibility m arthrosis found after aseptic 
necrosis or m Facet’s disease. Zipkin et al. (10) examined this problem tn 
mice given fluoride over a period of 15 months No increase in arthrotic 
changes w« found; however, mice do not have the same strain on weight 
bearing joints and might not be as susceptible to fluoride as man. We found 
a rather high incidence of arthrotic changes m our patients and hope to 
evaluate this problem in an epidemiological study. 

There « no doubi thai the alterations of the spine can lead to symptoms. 
Radfcutar syndromes have been well documented in India. Three of our 

patients hadclmiealevideoeeoftt. Decreased motiltty of thespinewasfouhd 

nos Ire I'T ! r” “ ° '“'S' 

ese?no'na.n?rr T'"' can experienee little or 

even no pain if the, ean avotdstrammg their discs and lifiaments mtctiim 

== 3 =:=;#*==“: 

they ptohaW, can eaosesymptiS. “ “™cal and tambar spine, 

bodies aM ossificatinn of leXn 

question of wether there are t^nr.. i i 

Lsaredef,ncdhe.e:,';r„«:::L’r'“"l'"^ 

limitation of motion. Evaluation of such ^ with or without 

joint sliffnejs are often poorly described b/Jh'’ 
be due to a lesion m thebip,ir pain in an elbor]""'' 

Onlypaticntswitbailttjnarex-rayfilmsofib ' "1 *>'c sboolder. 

Ibis might bm the r«rf« Afco se«„, '^'’‘"“''‘•““““"‘''ctacltided 

■ had accidents tnvnivinj 




104 


Fluorosis 


Table 3. 
chaiu’cs* 

Correlation of pain and limited 

range of motion with lluorotic .\-ray 


Niiiiiber 

X-ray changes 
present absent 


Knees 

9 

6 

3 

with symptoms* 


5 

2 

3 

without symptoms* 


14 

8 

6 

total 

Ankles 

7 

6 

1 

with symptoms 


6 

2 

4 

without symptoms 


13 

8 

5 

total 

Elbows 

6 

5 

1 

with symptoms 


6 

6 

0 

without symptoms 


12 

11 

1 

total 


• As defined in the text. 


these joints in the past. Table 3 is therefore only an attempt to correlate 
x-ray findings with clinical symptoms. The data suggest that the correlation 
is best on weight bearing joints. The remark made before about checking 
with an epidemiological study also applies here; correlation does not neces- 
sarily indicate a causal relationship. 

Wc might add here that 6 out of the 1 7 patients have full working capacity 
and in those who have some degree of invalidity, other diseases and causes 
contribute to it. 

SUMMARY 

Chrom'c fluorosis alters bone structure, leads to odd e.\'ostosis, to osseous 
appositions, to ossifleation of ligaments and tendons and their insertions. 
This can cause pain and discomfort. Radiological examination usually leads 
to the correct diagnosis; the most constant changes were found in films of 
elbows and forearms. Such films may be useful in the diagnosis of industrial 
fluorosis and perhaps for detecting undesirable effects of prolonged fluoride 
therapy. It seems clear that manifestations of fluorosis in adults appear only 
after prolonged exposure at high dosage. If signs of fluorosis are P^sent, 
they may lead to symptoms of the osteoarticular system. Therapy with higii 
dosage fluoride should be monitored carefully. 
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Hydric fluorosis in Punjab (India) * 

S. S.Joi,LY 


INTRODUCTION 

The chronic toxic cfTccts of fluoride on the skeletal system have been de- 
scribed from certain geographical regions of the world where drinking water 
contains excessive quantities of natural fluoride. This form of chronic intox- 
ication was first described in India from the State of Madras as early a^disx^ 
and is called hydri c fluorosi s (I). Subsequently, cases of hydric fluorosis 
have been sporadically reported from many other parts of the world, partic- 
ularly from Chin^a (2), Japan (3), South Africa (4), North Africa (5), Argen- 
tina (6), Persian Gulf (7), Saudi Arabia (8), United States (9, 10), Canada 
(11) and Europe (12, 13). 

The Departmen t of Medicine, Medical College, Pati ala, has been actively 
engaged in the epidemiol ogical, clin i cal and biochemical st udies of endemic 
fluorosis for the last nine years. These studies have been carried out in 
Punjaby/hich is one of the most highly endemic areas in the world . Extensive 
^ala^bn dental, skeletal and neurological aspects of fluorosis have been col- 
lected and have been fully reported in our earlier studies (14-20). The object 
of the present communication is to summarize the results of our studies so 
far. 


MATERIAL AND METHODS 

The data to be presented in this paper are based on extensive epidemiolog- 
ical surveys carried out in some parts of the Punjab over the last few years. 
Punjab is one of the northern states of India and the effected areas lie in its 
soutHern a nd south-western parts. The soi l is very san dy in these areas and 

it harVlipt,Jud„_dryjclimate with the temperature exceeding-IIOjT in 
summer. 

* This work was supported with a grant from the Indian Council of Medical 
Research. 
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Pliticular atlemion was paid to Ite condition of the teeth and skeletal 
system or the residents of the affected areas. Dental surveys have been 
carried out in 358 villages of Punjab and children between age group 5 to H 
)CaTS NNcreexamvfted fot dental moUUtig and characteristic dental pigmenta- 
tion. 

Besides the dental surveys, t en villag es from endemic fliiorotic areas of 
Punjab N\»tb difteren t fluoride' concentra tions m the drinking water were 
selected to assess the effect of va rious factors on fluoride intoxication 
Children and adults of these villagw were su^ected to a thorough clinical 
and radiological examination. infei^sscouoPcmbmQSLJjalcxficaiiQiL.^ 
taken 3 s.ajlcftnite_iadtolQgtcakindfcx-oC-sk el£t a l flu orosis. 

In addition to the cases of dental and skeletal fluorosis studied at the 
time of epidemiological surveys, about 1 00 cases of crip pling fluorosis were 
hospiiahied. This included a majority of those cases which had the n^ro- 
r' logical complications of fluorosis. The bioche mical de terminatioits m the 
, hospitaliicd group included urea, sugar, proteins, calcium, inorganic phos* 
\phorus. alkaline phosphatase and a study of cerebrospinal fluid, wherever 
'll could be obtained. 


done V} uib. byu.^iiA^uilUTlettlpd Ul) and in the other biological fluids by 
the mcthodsJaui.^uU>. yjhc Indian Council of Medical Research (22). Cal* 
•< cium balance stu dies and est imation of serum e navrnes were also includ^ 

' 111 the later part of this studj^ ~ - 

OBSERVATIONS 

The (ovic effects of the tluotiffc ton may produce widespread physiological 
and palhological alterations, although it predommtutiy uivolvec the tec* 
and the sWelal system, it is proposed to discuss the toxic manifestations as 
follows 

1. Dental manifestations. 

11 Skeletal changes 
Ul Neurological complications. 

IV Crippling fluorosis. 


liENTAL FLUOROSIS 


-he of an exLs.ve intaL of’fluo; 
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during the period of dental erup tion. Tlic dental changes are divisible into 
three grades (25): 

Grade I White opacities or patches on the enamel and very faint yellow 
lines across the enamel. 

Grade 11 A distinct brown stain. 

Grade 111 Considerable pitting all over the enamel. 

The m ost str iking change in our experience is the ty pical golden to brown- 
ish discolorati on of the central and l ate ral incis ors. However, the gross 
alteration of dentition, discolouring, pitting and chipping is very striking 
and can be diagnosed very easily. 

About forty six thousand children were examined in 358 villages of Pun- 
jab. The incidence of dental involvement as correlated to fluoride concen- 
tration is tabulated in Table 1 . 


Table 1 


No. of 
villages 

Maximum concentration of water fluoride 
(ppm) 

Incidence of dental mottling 
(percent) 

210 

1.4 

0-10 

96 

2.3 

10-30 

52 

above 2.3 

above 30 


The incidence of dental fluorosis was found to rise with increasing fluoride 
concentration but there was no rigid linear relationship between fluoride 
concentration and the incidence of dental involvement. In the nine villages 
selected for special study, the incidence of dental mottling in children and 
adults is given in Table 2. 


Table 2. Incidence of mottling in the villages (Figure in brackets indicate total cases 
examined) 


Name of the village Fluoride Incidence of Incidence of 

concentration (mean) dental mottling dental mottling 

(ppm) in children ( %) in adults (%) 


Gharachaon 

Laduwala 

Dharpai 

Bhudipura 

Raj that 

Sanghera 

Ramjana 

Gangiculabsingh 

Khara 


1.4 

22.6 

(124) 

2.4 

30.6 

(49) 

3.0 

24.5 

(57) 

3.0 

55.9 

(34) 

3.3 

47.0 

(133) 

3.6 

27.4 

(317) 

5.0 

52.7 

(93) 

8.5 

81.4 

(43) 

9.7 

66.0 

(50) 


13.5 (S7) 

60.2 (74) 

47.6 (107) 

31.2 (64) 
1 0.0 (160) 
49.4 (154) 

56.6 (90) 

55.6 (58) 

70.7 (232) 
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m taddswc of dental (luorosis in a hcahly ivith mean fluoride conceo- 

irat, on of 1.4 fpm was found .0 be about 22.6% and to use w.th mcreas.ng 

fluor'uic concenlration. 


SKELtTAUFtUOROSIS 

ttui iafensi've epidcm/ofogical survey of ihc Villages in Punjab, vve 
had the rippnrtimity of examining ±065 cases of skelejal flu orosis, the largest 
series reported so far m the literature. A detailed examirration was also done 
on cases whietv were admitted to the hospital from time to time for the last 
ten years Tabic 3 gives the details of the cases of skeletal fluorosis. 

Table 3 

Tofo/ Percentage Males Females 


No oUa«sorsk«letaHluOtos\s 

(detected on radiological examination) 1065 

a) latent or subclinical cases wjih 


no symptoms 

2lf> 

197% 



61 symptomKic 

855 

80 3% 



wnhoaicnpptms 

624 

58 6% 

70% 

30% 

wvihcnpphasdcCacixwnes 

142 

13.3% 

92% 

s% 

H i((i neurotogical comphcations 

89 

8 4% 

94% 

6% 


Whereas dental fluorosis Is easily recognized, the early skeletal involve- 
ment IS c\ot clinically obvious until the advanced stage of cripplmg fluorosis 
Howcier. radiological changes arc discernible in the skeleton at a much 
curlier stage and provide the only means of diagnosing the early and rela- 
ti'cly asymptomatic stage of fluorosis. These cases are usually young adults 
whose only complaints are vague pirns noted most frequently in the small 
ol the hands and leel, the Knee joints, the legs and spine Such cases 
arc frequent in endemic arcas_ajul.accjnisdcagpQseci as '■ 

O' •'"1 . — . - . , 

' — > vi'-'s,i<juiueia ot 

kj, ...... .iicicisuitlig^myyalkipg^ part^yductosKflcifissandllmlutvon 

of movements of various joints, and partly due to a neurological deficit in 
advanced cases. -5.— 

1 Gross changes in the skelewn, 3. Hislopalhology. 

2 Radiological changes. 4 • 

5 
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Fig. 1. Third cervical vertebra showing a huge exostosis projecting into the spinal 
canal. 


/. Groxx changes in the skeleton 

The gross changes in the skeleton in cases of endemic fluorosis are quite 
distinctive and characteristic. The excessive quantities of fluoride which are 
ingested arc deposited in the skeleton over the years. We had a unique 
opportunity to study the completely macerated skeleton of an individual 
who was living in an endemic¥rea’'witR‘a fluon3e"content of 9.5 ppm (16). 
All the bones were observed to be h^yyjuidJxreguiar and had a dulLcolour . 
due to irregular deposition of fluoride. The sites jaLmuscular-an d tendin ous 
insertions were rendered abnormally— pronunent by excess ive p eriosteal 
reaction with development of multiple exostoses. Irreg ular ,b .one was laid 
down along the attachment of muscles and tendons in the .“ixtremities as 
well as in joint capsules and interosseous membranes. The latter is particu- 
larly helpful as a diagnostic feature in doubtful and borderline cases where 
the density of the bones is not markedly increased. 

Changes are detected in the spine with calcigpation of various ligaments, 
particularly the ligamenta j^va, intertra nsverse _an,dJnterspjnous ligaments, 
resulting in marke ^steo phytes. The vertebral bodies are larger than normal 
and show mar ked lip ping. The vertebrae show altered propo rtions and 
measurements in all the pla nes, but the striking abnormity is the gross 
reduction of anteroposte rior diameter of the spina l canal (Fig. 1). In one of 
our cases it was reduce to 2 mm at thelevel of the third and fourth cervical 
vertebrae. Since the average anteroposterior diameter of the spinal cord in 
the cervical' enlargement is 8 mm and the bulge of iigamentum fiavum has 



a\so to be accouwe«i ?ot, u tvtdeot that the compiessjoft of the cord is 
aimosi inevitafaic. The vertebrae ate fused at many places which explains 
the marked limitation of movements and the resemblance of the disease to 
spondylitis nnkylopoietica. The intervertebral foramina are narrowed and 
rendered ifrceular which exolains the oresence Of radicular mamfestations 


foramen magnum arc also rendered irregular aod narrow due to the pro- 
jection of osteophytes The ot^r smaller forammae m the skull are usual ly 
no! altered, thus explaming the ab sericTof ciahlarnervc involve ment in 
adsanced cases of endemic fluorosis. 

The ribs arc large, with rough surfaces and osteophytes projecting along 
the auachments of muscles, membranes and ligaments. 

The other bones, including those of the limbs, the sternum and the man- 
dible, have many prominent osicopbyles at the attachments of ligaments, 
membranes, tendons and muscular insertions, thus making the various 
markings and ridges thick and prominent. The interosseous membranes 
between tibia ami fibula and between radius and ulna are ossified to a 
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Viiiixihlc clcgtcc in most of (he eases. There is thickening and calcification in 
most of tlic ligaments and many of the capsular attachments, such as the 
sacroiliac and sacro tuberous ligaments. The thyroid cartilage is also calcified 
in most of the eases. ~ 

2. Radiological changes 

The radiological changes of skeletal fluorosis are diagnostic (26, 27). The 
most pronounced changes arc seen in the vertebral column particularly in 
the cervical and lu mba r region. Osteosclerosis and irregul ar osteo phyte 
formation is noted in the vertebral body, the transverse and spinous pro- 
cesses, the pedicles and Ia,minae. Be^JjkcJipping and the chalky white 
ground glass ap pearance of tl^cnBre verteb ral colu mn are the characteristic 
radiological features. There is ^Idfication of the intervertebral ligaments. 
As a result of irregu lar ex ostoses, there is encroachment on the intervertebral 
foramina and the spinal canal. Next to the spine, the osteosclerosis is most 
evident in the pelvis along with calcification of sacrotuberous and sacro- 
spinous ligaments. Irre gular perios teal bone formation is observed along 
tendons, fascial, and muscular attachments including the interosseous mem-, 
brancs of the forearm and legs, linea aspera, the deltoid tuberosity, the lower 
margin of the ribs, the attachment of the achilles tendon, the tibial tubercle 
and the greater trochanter of femur. Skiagrams of the chest reveal a peculiar 
contrast of the marble white bony cage with ra diolucent lungs. The changes 
in the skull are noPvery'sinlahg although there is thickening of the vault 
with sclerosis near the suture lines. The sella turcica and the nasal sinuses 
are normal and there is no significant narrowing of the basal foramina. 

istopathoiogy 

Although there are many histopathological reports on experimental fluo- 
rosis (28) the data in human intoxication is scanty. Our observations are 
based on bone biopsies obtained either from th e tibia or iliac cre st or from 
the spine at the time of laminectom y. In general, the compact bo ne shows 
disordered .lamellae and an enlarged, poorly formed haversian system . InJ 
the spongy bone, areas of osteoid tissue are found among well formed) 
trabeculae. Some of the irregular deposits of osteoid tissue extend into th&l 
attached muscle. The bone trabeculae are ver y dense in places and contain 
jj consi derable amount ’of^lciuiT i. The areas around the vascular spaces 
stain deeply with eosin. In some cases the muscular attachments to the bones 

may show areas of irregular calcification. 

The most obvious effect of persistent high fluoride ingestion is stimulation 
of osteoblastic activity resulting in the production of e xostoses and the 



(luotOiis it\ Punjab (India) 


JJ3 


calcification of tendons, ligaments and occasionally muscles. Some bones 
ate Tootc pione to exostoses toroatwti than others; the vertebrae^jl^ and 
pcWis for example are more susceptible than the long botves. In att advanced 
case, howe'er, the ent»itt_s^cton. is involved. 

Skeletal fluorosis has been likened to a number of bone diseases The 
dense radiographic picture of the skeleton has resulted in comparison with 
ostcosclorosis; the presence of btoad osteoid seams has sugg,ested osfeo- 
malacia; the way in which bone formation may proceed side by side with 
bone destruction is reminiscent of PAcrr’s disease and the often extensive 
resorption points to oste oporo sis. Certainly, fluoro tic bones can e .xhiblt 
signs common to each of these conditions but a/un'ique distinctior^ is the 
presence of high levels of fluoride in the bone. 


4. C/icm/rfli fOMjnojif/oH 

There are very Tew studies of the chemical composition of bones in human 
cases of chronic fluorine intoxication ( 29, 30 ) although considerable hteraime 


rwsms la the first, fiuotidc exch anges with hydroxyl on the surface of existing 
erystiils, The second mechanism is ihat of hew bone formation by osteo- 
blastic and os teoclast ic activity. However, the pr ecise mod e by whldTtfie 
fluoride exerts its deleter ious effects is not known/ lT is pi^bahla that there 
are mituU changes m the chcmiMrcomposiiion and deposition of bone salts 
m the organic matrix, possibly medtated by altered enzyme reactions Ro- 
tioLM believed that the fluonde was probably defiQ lDed~nfThe fnrm f,f cah 
ciutn flugr^e-alQng^vjihc alcium phosp hate of thebonTbuTthT^^ 
WtiDMAsd^WtAT iiERtLc and WiirTtHEAp (3l) demonstrated a deaease of 


xarficd fluon* *po,mon ,n human bones after prolonged tngesliou of 
fluortt^e dr,nk,ng unler nnd came to the conclusion thut the Lau cou- 
centruhon o fluonde to the ,-nnous bones »us correlated with the fluoride 
I k '''■'"‘■"'S “P ■> ppm nml tt>at there is no indication in their 
dita that these human cafcificd tissues approach their theoretical canacitv 
of about 3 5 . fluonde. A concenlralion of fluonde ns high as 0 548 y i^ 
the dry, fa. free bone and 1 OSoy. ™ .he ho.» ash ntay beVesem 


700 mg/ 
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100 Gtii dry weight agJiinst a norinal of 20 to 30 mg in a person from a non 
Huorotic area. It has been pointed out that in human beings, osteosclerosis 
^voiild be evident in a small proportion of individuals with skeletal concen- 
iralions of fluoride of the order of 6000 ppm (32). 

5. Dijhriiiitics and crippling Jiuorosis 

This advanc ed s tage of fluoride intoxication results from the continuous 
exposure of an individual to 20-80 m g of fluoride ion daily over a perio d of 
10-20 years . Such hca vy.cx( 20sure is'assoc'iafed with a level of atl^t I^pm 
uTtiic cirmking water supply. In the areas surveyed by us this level was not 
only common but was often exceeded. Moreover, besides the fluoride in- 
gested in the wat er there were additional sources of ingestion such as in 
veget ables grown in the fluorotic soil and the proc essing and cooki ng of 
food in the water contaminated with fluoride ion. Therefore, it was not sur- 
prising that cases of crippling fluorosis are seen in such numbers in endemic 
areas of Punjab. 

The crippli ng defo rmities are due partly to mechani cal fac tors and partly 
to the immobilization necessitated by p ain and parapl egia. The commonest 
deformities arc ky phos is, flexio n deformity of the hip s, flexion deformity of 
the knees and fix ation of the chest in the position of inspiration due to 
calci fication of the cartila ge. The advanced picture of crippling fluorosis is 
strikingly uniform. The quadri plegic patient bent with kyphos is and with 
markedly r estricted movements of hi$ spine with contractures of hips and 
knees provides a grim picture of the result of excessive fluoride intake. Due 
to the extreme fixation of the spine, the body moves as a single unit with 
each attempt to straighten any portion of it. 


NEUROLOGICAL MANIFESTATIONS OF FLUOROSIS 

It had been reported in our earlier studies that some eases of skeletal 
fluorosis develop the neurological complications of r adiculomyelop athy due 
to compression^ of the spinal cord and roots as a result of irregular bone 
deposition in and around the spinal canal. This has been convincingly 
demonstrated in a macerated skeleton by us (16). So far we have studied 
"6^roved cases of skeletal fluorosis with neurological manifestations. This 
is the largest series in the world. The details of neurological manifestations 
are shown in table 4. It is worth emphasizing that only 5 cases of neurological 
fluorosis were seen in women against 57 observed in men. 
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Table 4 A summary of 62 cases with neurological manifestations 

Type of neurological lesion 

Afn/cs 

Females 

Cervical radiculomyelopathy 

31 

- 

Cervical radiculomyelopathy with deafness 

1 

“ 

CerviCAl tadKulcimvclQpalhy with cerebellar Involvement 

1 

- 

Purely cervical myelopathy 

4 

I 

Cervico-dorsal myelopathy 

2 

1 

Dorsal myelopathy 

12 

3 

Cervical radiculopathy 

1 

- 

Peripheral neuritic type 

3 

- 

rUiotosis associated with cerebrovascular accidental* 

2 

- 

Total 

57 

5 

• These cases are probably due to compression of the vertebral artery as it is 


CQkitsirva the cecvUil. spine 


It will be noticed that most of the cases had a pattern of radJCuIomyeJo- 
pathy although a few cases had the mleresiing features of peripheral neuro- 
pathy The involvement of the vertebral artery as tt courses through the 
cervical spine explains the presence of cerebellar symptomatology. 

The evidence so far points to the fact that the neurological manifestations 
are ennreLyjlutf in compy^^siQn and arc cwt due to the to\ie effect x>{ ftuot We 
on the nervous system. 

hiOCMEMlCAl. DATA 
Fluoru/e tn uater sample 

About 2500 samples of water were examined from dlfTerenl regions of the 
State including the endemic and non-endewc areas The fluoride content 
varied conv.dcrably from less than I lo 16 ppm. It was Ihersfora not pre- 
evMjly possible to define the safe lower limit. 
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'Cable 5. Incidence of skeletal fluorosis 


Niiine ofvilliific 

Concentration of fluoride 
in water (ppm) 

Incidence of 
skeletal fluorosis 

Crippling 

fluorosis 

Gbaracbon 

1.4 (0.9-2.5) 

2.4 (82) 

— ve 

Laduwala 

2.4 (i. 0-5.5) 

23.0 (74) 

— ve 

Dhapni 

3.0 (1. 1-5.5) 

19.6 (107) 

— ve 

Uhodipuru 

3.0 (1. 3-5.2) 

42.2 (64) 

+ ve 

Rajlluil 

3.3 (0.5-6.5) 

10.0 (160) 

— ve 

lihikhi 

3.3 d. 0-5.9) 

45.6 (160) 

+ ve 

Sanchcra 

3.6 (1.1 -5.8) 

33.1 (154) 

T ve 

Ramuana 

5.0 (1.5-11.5) 

60.0 (90) 

4- ve 

Ganjigiilab Singh 

8.5 (3.7-14.0) 

58.9 (56) 

-f ve 

Khara 

9.7 (6.0-16.2) 

80.7 (232) 

-1' ve 


A study of Table 5 shows that the incidence of skeletal fluorosis is prac- 
tically nil at a mean concentration of 1.4 ppm but the incidence rises with 
increase of fluoride concentration in water. Similar to dental fluorosis, the 
concentration of fluoride alone is not responsible for the incidence of skeletal 
fluorosis. 

In our study, we came across two interesting observations as will be 
evident from a study of Table 5. We found cases of crippling fluorosis in 
endemic areas having a mean water fluoride content as low as 3 ppm. 
Secondly, whereas in some villages with a mean fluoride concentration of 3 
and 3.3 ppm there were cases of crippling fluorosis, in two other villages the 
same concentration did not result in crippling fluorosis. This is possibly 
-elated to the prote ctive role of other factors such as thaT Tp ei^^n d 
fr^csiul ^content of the water in these villages (33, 36). 

B. Fluoride estimations in body fluids and tissue 

In addition to simple biochemical estimation of water fluoride, other 
estimations of urinary, blood and bone fluorides were done in the hospitalized 
group of patients and their results are illustrated in Table 6. 


Table 6. Fluoride content of blood, urine and bones 



Total number 
of estimations 

Range 

Mean 

Normal 

Blood (mg %) 
Urine (mg %) 
Bone (mg/100 

42 

26 

Gmboneash) 20 

0.05-0.8 

0.10-1.80 

70-700 

0.28 

0.429 

318.7 

traces only 
less than 0.185 
1 10 ± 20 
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C Miscellaneous bloclienilcal data 

In the hospitalized cases of fluorosis, a number of other biochemical 
imestigations were done to look for any other toxic effects. The levels of 


The parathyroid function tests, the thyroid function tests and the adreno- 
cortical assessment were within normal limits. 


FACTORS INFLUENCING TOXICITY 

I. Fluoride content of drinking water. It is universally agreed that fluoride 
ingestion produces toxic effects, but the concentration which may produce 
deleterious cITects is the subject of controversy. The minimal threshold has 
not yet been established definitely. In some studies from India, a lower 
concentration of fluoride has been showtt to be associated with well marked 
nuorosis The intensive survey of the villages done by us shows that con- 
centrat.ons or duondo ranging from 0.9 ppm to 2.5 ppm are associated with 
an incidence of only 2 4% skeletal fluorosis, but that crippling nuorosis was 
seen m some of the villages with water fluoride range of 1 3 to 5 2 nnm 
The bcbcf that the incidence of skeletal nuorosis ,s dependent only OS'”!:; 
nuoride concentration is ralsified svheu two villages, Rajthal and Bbih? 
compared (Table 7) noth these villages have praeiiear he s,m. fl u 
eoneenlration, but they show a marked d.lTereoL in the neidenrof sW t 
nuorosis in the village of Dhikhi, a large number of eripphne n^l 
were observed but not a single similar case was deSd 1 “ b. 1 
Rajthal, which suggests the existence or some other factors h a 
fluoride concentration alone. beside water 

2 Duration of fluonde exposure The duraJi«n r,r 

intoxiclion has a definite mnuenee on tho development Sr/' 
m that vv Ith a similar nuoride eoneentrationlhe wc^T 
" nh age In villages having a lower nuoride en * " 

IS detected in a higher age group useompatd toZs™"'/’'' v“' 
concentration where it is seen at a comrcativel '"E"“"S>''Eh nuoride 

2 fev nni/oeeiipu,,™ a„„ havcToT/tr^ “S'- 

endemic nuorosis, particularly m relation toarsr ‘‘"''“P"’™' 
neurological and erippling nuorosis because there w “ 

compared to 57 males m hospitalized ease, „r T ° ^ “ 

disease is far more common in labourers vnd t huorosis. The 

manual work and also carry heavy loads ™ 

Ihc head and this perhaps is 
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one of the factors that accounts for the severer type of disease in men and 
tlic higli incidence of neurological and crippling fluorosis. 

Another contributory factor may be that a woman’s stay in an endemic 
iirca is divided as she has to migrate to another village after marriage where 
the fluoride content of the water supply may be different. 

Chemical composition of the water (other than fluoride). Besides the 
fluoride content, a number of other constituents in the water are also impor- 
tant, such as the calc ium ha rdness, the magn esium hardne ss and the alka - 
lii^ify - We observed that flu oride concentration bears an inverse relationship 
t o total hardness and calcium h ardness. In areas having low fluoride content, 
the water is harder. The incidence of endemic fluorosis depends, to a great 
extent, on the hardness of water. This point is illustrated by comparing the 
analysis of water constituents from the villages of Rajthal and Bhikhi as in 
Table 7. r 


Table 7. Chemical constituents of water 


Village 


Fhwrklc 

(ppm) 

Total 

hardness 

Calcium 

hardness 

Magnesium Incidence 
hardness of skeletal 

fluorosis 

Rajtlial 

Mean 

3.3 

601 

358 

344 



Range 

0.5-6.5 

308-1136 

120-800 

108-506 

10.0% 


S.D. 

0.5 

61 

57 

40 


Bhikhi 

Mean 

3.3 

136 

56 

80 



Range 

1. 0-5.9 

32-312 

6-190 

26-198 

45.6% 


S.D. 

0.3 

20 

98 

10 



These two villages have the same fluoride content but the incidence of 
endemic fluorosis shows a wide variation. Other factors such .' n utritiona l 
status, climatic effecl, Hnrntinn nf flnnride exposure, sex, professio n, etc., 
were identical in the two villages, the only difference being calcium hardness 
and magnesium hardness. In America, most of the water containing fluoride 
is hard water and the fl uoride/hardness ratio is more than one in 500 .J[n 
our study the fl uoride/hardness ratio was much les s. 

■''TnriiW'clearthat both the calcium and magnesium content of water 
have a protective influence on the absorption of the fluoride and its sub- 
sequent deposition in the skeleton. 

In India, lower toxic limits of fluoride may be related tqjes s hard wf^r 
as shmvn in the analy^s of waiSFronstituents in some of the endemic areas. 

5 Nutritional factors. It has been alleged that the higher incidence of 
endemic fluorosis in India is partly related to nralnutri^ because with a 
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similar fidonde concentration, no case of fluorosis has been detected from 
other parts of the world such as Texas Our studies have been done in Punjab 
\shich IS one of the best nourished states in India, and it is in this very state 
that the incidence of fluorosis is highest. However, this needs further elucida- 


obserNed only from those areas where the siail is.sand y and there is a hot, 
dry ty pe of cl imate. The average temperature during the su mmer_is_abov e 
JOO’F and the wnfjll is rat her sc anty. Moreover, cases of fluorosis have 



fluoride may be ingested from the food grown m soil rich in fluoride , from 
tea and from wines (35) Recently, high levels of fluoride have been'sndvt'/r 
to be present m the cooking salt m Punjab and in turmeric w hich is used as 
an adjuvant m cooking all over India. We have still not precisely evaluated 
these factors m our endemic areas, but it is quite possible that these factors 
may aggravate fluonde intoxication because the villagers of Punjab con- 
sumes a lot of tea and alcoholic drinks 


SUMMARY 


An epidemiological, clinical and biochemical study of hydne fluorosis is 
described from Punjab (India) This condition is due to chronic fluoride 
intoxication resulting from ingestion of large quantities of fluoride in the 
dnnUng »a(5r spread met a number ot years. K produces a wll defined 
i.KSA'lxi aWttVmgVuelecfn. Vne skeletal system and secondarily the nervous 
system 


The results of dental surveys m 358 villages are described and an effort 
has been nude to cortelalc it wth vratet fluondc levels 

The derails of skeletal changes as observed by gross examination ladio- 

logical arpcatanecs, hislopalhologieal changes and altetalions of chemical 
compos, non ate described Tins is the largest series of skeletal fluorosis in 
the literature, 

nepatiem of neurological deficit conforms to a radiculomyelopathy and 
IS due 10 compression of spinal cord and nerve roots ^ ^ 
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Significanlly liigli levels of nuoridc arc described in the blood, urine and 
bones of llicsc patients and in the drinking water samples of the affected 
population, It has not been possible so far to define the safe lower limit of 
fluoride in the drinking water. 

There is no significant alteration in the thyroid, adrcnalcortical and para- 
thyroid functions. The scrum enzymes are mostly normal except alkaline 
phosphatase which is raised. 

T lie role of various factors causing fluoride toxicity is discussed, in partic- 
ular the protective effect of calcium and magnesium ions in hydric fluorosis. 
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Significantly liigli levels of fluoride are described in the blood, urine and 
bones of these patients and in the drinking water samples of the affected 
population, It has not been possible so far to define the safe lower limit of 
fluoride in the drinking water. 

There is no significant alteration in the thyroid, adrenalcortical and para- 
thyroid functions. The scrum enzymes are mostly normal except alkaline 
phosphatase which is raised. 

The role of various factors causing fluoride toxicity is discussed, in partic- 
ular the protective effect of calcium and magnesium ions in hydric fluorosis. 
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Endemic fluorosis in Morocco (darmous): 
niicroradiograpliic study of human bone and 
teeth lesions 

C. A. IBaud and A. H. Alami 


It lias long been known tliat the teeth of inhabitants and cattle living in the 
areas of the Moroccan rockphosphate mines characteristically show a 
mottled enamel; this abnormality was called “darmous”. Bony lesions, 
hyperostosis and osteosclerosis, have been at times revealed by radiography 
in association with these dental lesions. 

It is generally admitted that the darmous is an endemic fluorosis (6). 
Indeed the natural phosphates of Morocco contain a high percentage of 
fluorine, which may be a cause of intoxication. However, recently the fluoride 
origin of the darmous dental lesions has been questioned (15), while certain 
authors think that the darmous is a specifically dental illness and does not 
affect the bones (4). 

The aim of this research was to determine by means of microradiographic 
observations if the lesions of the calcified bony and dental tissues are similar 
to those observed in the endemic fluoroses already known and in the experi- 
mental fluorosis.* 

MATERIALS AND METHODS 

100 human teeth from Khouribga (a phosphate area of Morocco), 
some of which with adjacent alveolar bone attached, were embedded in 
methacrylate. Transverse and longitudinal sections were cut, and micro- 
radiographs prepared (2). 

Fluorine estimations were carried out on dental enamel, rockphosphates, 
well water from the environment of Khouribga, and tea with fresh mint 
(Moroccan national drink), by the fluoride specific electrode method (19). 

* These studies were supported by grants from the Swiss Academy of Medical 
Sciences, the Swiss Society of Odontostomatology, the Zyma Company, and the 
Swiss National Fund for Scientific Research. 




RESULTS 

In the enamel, hypt^minerolircd $enatcotis parallel to the incremental lines 
arc numercjus (Frg iK however, there remains mostly narrow bands of well 
calcified substance at the atnelo-dentmal junction and at the surface. 

(n the dentine. hypommeraJized layers parallel to the contour lines, some- 
times extending along the canalicube (Fig 2), and extensive areas of granu- 
lar dentme iFig 3) are seen m some cases; nevertheless, the dentme is 
apparently normal m many fluorosed teeth which present enamel abnor- 
malities 

In the cement, diffuse hypcrcemcntosis (Fig. 4) with numerous cemento- 
cytes m large lacunae IFig 5), pronglikeotcresccnccs and cementicles (Fig. 6) 
arc often demonstrated.. 

In the all colar bone, all the cortical and cancellous tissue has an abnormal 
■“mottled" structure, characterized by an excessive number of oslcocytes in 
Urge lacunae (Fig 7>. and Small d^ecls of calcification in the intercellular 
substance (Fig, 61 

The results of lluortde estimation ate shown (nTabic T, and indicate that 
rocV-phosphaie is the main fluorine supply, cither directly ingested in dust 
form, or mdiiectly with drmlcs, vegetables and other foods 
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Fig. 6. Microradiograph of a ground 
' section through a root and adjacent 
alveolar bone: pronglike excres- 
cences of the cement (white arrow, 
at right) and small defects of calci- 
fication in the intercellular bone 
substance (black arrow at left), x 70 



Fig. 7. Microradiograph of alveolar 
bone ground section: numerous 
large osteocytes lacunae, x 70. 
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Table 1. fluoride analyses 

Maienal 

ppm F 

ppmF 


nun 

max. 

Surface enamel 

1 714 

1 960 ‘ 

Rockphosphate from Khounbga 

mil 

33777 

Green tea with mint 

1.48 

' 1.52 

Samples of water drawn up from 9 different wells 



in the env ironment of Khouribga 

0.32 

1.24 


DISCUSSION 
1. Endemic fluorosis m man 

Hjpomincralizcd la)ers of enamel, parallel to the mcremental lines, have 
been demonstrated by microradiography in human fluorosed teeth (li 7, 8, 
9. 10. \l, K) In the areas of poorest calciflcalion, the organic matrix is 
altered or absent, these areas are in fact not only hypomineralized, but also 
microhypoplastic (8) 


l^oinieT' that ameloblasts are mote sus- 

reptible to fluoride than are odontoblasts, and.that the doses of fluoride 

— at:„dZ„'" <0 damage 


of enamel and dentine) l 

lacunae, represents the .>pie;„;;o„Tn;;7„:^^^^ 

The mieroradiographie alterations of the darmo ! J 

similar to that of other human fluoroses nt= therefore quite 

2 Expenmenial fluorosis 
The effects of high fluoride diets on develooiti„ 
meisors of pigs and rats have been extcnsisrf.^a ^ •'’= 

lusues microradiography disclosed abnonlali'tte"'^'''' n ’ 
mineral striations representing alternate tev ' distribution of 

deficient mineralization, calcosphcrites and ‘‘^'atively normal and 
P “"<1 Itypummeralized interglobular 
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sp.'tccs, iti t/ic dentin; liypomincraiizcd bands parallel to the ineremental 
lines, in liie enamel. 

“Slobbers ’ is a form of chronic fluorosis in laboratory Guinea pigs (12); 
this disease was caused by the ingestion of pellets of food containing a fine 
phosphate powder from Christmas Island, of which the fluoride content 
varied between 1.5 and 3.25%. It is also characterized by hypoplasia and 
impairment of calcification of enamel, some odontoblast degeneration and 
impairment of dentine formation, and calcifications in the periodontal con- 
nective tissue. Experimental reproduction of this disease was accomplished 
in exact detail by the extended administration of fluoride (13, 14). 

The exact mechanism through which these changes are produced is still 
uncertain; the electron microscope observations (3, 17) demonstrate that 
heavy doses of fluoride have a direct effect on the intracellular organelles 
responsible for the synthesis of proteins and the production of energy, and 
could well influence not only the quality of the organic matrices, but also 
the rate of mineralization by impairing active transport of calcium across 
the cell membrane into the extracellular space. 

SUMMARY 

The abnormalities in the calcified tissues of the dental organ in human 
darmous, evidenced by microradiography, consist essentially in; 

- hypomincralized layers parallel to the incremental lines in enamel; 

- hypomincralized layers parallel to the contour lines, and extensive granular 
areas, in the dentine; 

- diffuse hyperplasia and localized excrescences of the cement; 

- “mottled” structure of the alveolar bone. 

Such changes are closely related to similar changes demonstrated in the 
teeth from laboratory animals on high fluoride diets, and in the fluorotic 
mammalian skeleton. This clarifies the etiology of the abnormalities obser- 
ved in darmous. 
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Fluorosis in cattle 


W. Lt.I-.N)ANN 


Fluorosis in domestic animals, when considered from an economic point of 
view, is only important in cattle and sheep, whereas in the other species, it 
is relatively insignificant. In general, chronic intoxications have been ob- 
served more frequently, acute poisonings being rather exceptional. As the 
symptoms in slicep and cattle arc similar, those described here in connection 
with the latter species can be readily applied to both. 

The first reports on diseases in cattle associated with the industrial emis- 
sion of fluorides appeared during the 19th century (Alther). After 1900, 
more attention was paid to fluorosis but, unfortunately, most publications 
lacked information concerning the fluoride content of the feed and the 
corresponding clinical symptoms in the affected animals. The first major 
report on the fluoride content of feedstuffs and its clinical effects on cattle 
was published in 1934 by Phillips. A very thorough report based on inves- 
tigations carried out over a period of 8 years can be found in the Four- 
teenth Report of the German Research Community 1968 (Wohlbier et al.). 

With increasing industrialization and the infringement of industry upon 
agricultural areas, the danger of fluorosis in domestic species has increased. 
This hazard is present by virtue of the fact that in many of these industries 
fluorine is emitted into the atmosphere. Ceramic and porcelain works, 
enameling, hydrofluoric acid production, aluminium and phosphate plants, 
represent only the most important examples of the industries concerned. 

For practical purposes, one can consider the increased amounts of fluoride 
ingested by cattle in Europe as being derived solely from their feedstuff. The 
fluoride compounds involved are, however, up to now, largely unknown. 
Plants do not absorb fluoride from the soil, from which one can conclude 
that its presence in increased amounts in feed is the direct result of con- 
tamination through the atmosphere. Observations on plants surrounding an 
aluminium factory indicate that the concentration of fluoride in plant 
materials is higher during dry weather, and lower following periods of rain- 
fall. The largest portion of fluoride emitted by an aluminium factory is in 
form of dust and aerosols (EMPA). 
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The solubility of the fluocidc compouods involved is a decisive factor in 
the appearance of nuorosis in cattle. It is known that fluorosis appears more 
rapidly in cattle grating near hydtonuottc acid producing plants, which emit 
Huoride in the form of HF, than in those associated with other industries. 
Through various experiments, it has been provwi that the feeding of sodium 
fluoride will produce fluorosis more rapidly than Will the feeding of cryolite. 
WeiiLBiER et al. have shown that cattle fed cryolite excreted double the 
amount of fluoride in the ftcc& towpawl to eottls. fed sodium, fluoride. 
On the other hand, the cattle fed sodium fluoride had relatively higher values 
for fluoride in the urine. This indicates that NaF is more easily absorbed 
than cryolite. The accepted level at which fluoride can appear in the feedsiulT 
without economic loss of the animal is 3(M0 ppm. The economic usefulness 
of an animal depends upon the following; age, length of residence in the 
area, fluoride content of feedstuff, milk production and fertility. 

The symptoms arc e.i$(esi to recognize when the animals have been in a 
contaminated area since birth or at least prior to the eruption of the per- 
mament teeth. When animals ingest on elevated level of fluoride before the 


( ...j.a, ^■uuMu>..>4 itiiu iitvicascuwear. Mottling is cnaractenstic of fluorosis 
only, if the changes t.ake place symmetrically. Mottling of only one incjsor 
IS very often observed jn cattle outside a contaminated area. Effects upon 
the molar arcades are usually first seen when abnormal wearing occurs. 

Where the fluoride level m the feed has been as high as 4<^60 ppm, exos- 
toses on the extrem/tfes, the mandible and ribs may occur. The exostoses on 
the extremities ate first noted at the insertion of tendons, never m articula- 
tions. The nbs and the os pcdis have a tendency to become brittle and frac- 
tures of these bones are common 

Chmcai symptoms include; stiff gan. decreased appetite, staring haircoat, 
loss of weight and drop m milk production. A greatly diminished mtake of 
food IS obsened especially after the molar teethi have Undergone ahnormoA 
wear As long as the food intake remains normal, fertility and milk produc- 
tion arc not affected. ^ 

In (he fictmc ol iluoridc concentrations m excess of 60 ppm, climcal 
symptoms may- dcvciop milim one to two years (Table I). At this time, the 
animal must be, for economic reasons, sUmsthmd. U the animars enter 
a contaminated atea for the first time after the eruption of the permanent 
teeth no dental changes .nil occur even m the presence of extremely 
fi|8^ finoTiae imaVe Falbologically. Uie changes arc limited to exostoses 



Fluorosis 


i.i: 





In our own ob 5 em\ioTft, fto effect upon Wood clotting, 

blood sugar. SGPT, or SCOT. The only change seen was an elevated alka- 
line phosphatase in animals exhibiting marked exostoses. This would indi- 
cate that bone metabolism is aclivaled under the effect of increased fluoride 

intake. The test foi fluoride in the urine ha^eKXttaitvdiagaosUc value. When 

the N aluc of fluoride m urme exceeds 10 ppm, the intake is probably sufficient 
to cause damage. When this has occured there is no specific treatment, the 
only possible therapy being to move the affected animals to a non-con- 
tammated area. 

Attempts have been made to bind part of the fluoride into insoluble com- 
pounds by adding so-called alleviators to the feed. For this purpose, alu- 
rninum sulfate, aluminum chloride and aluminum acetate have been used. 
PLMLA determined In his experiments with sheep that through the daily 
administration of 25 mg aluminum acetate per kg body weight, the fluoride 
content of the skeleton could be reduced by 50%. With higher doses, how- 
escr. disturbances tn growth appear. The high cost of this feed supplement 
for domestic animals makes its use prohibitive. U is therefore impossible, 
even with alJcvjamrs, to prevent the appearance of fluorosis permanently.’ 
Thus, the only clTcct'wc and practical method of preventing fluorosis in 
animals is the purification of gaseous wastes from factories. 

Investigations conducted by the Swiss Federal Materials Testing Station 
in an aluminum factory have demonstrated that the effective removal of 
« •. of iht (luotidc m dust and aerosols and 99% of Hie fluoride m Rases is 
possible The instalUhon eosls however are high Nevertheless, industrial 
concerns must be coerced into using all available methods for the Further 
procntion of air pollution ” 



134 


Fluorosis 


lU-FERENCES 


Ai.iiti.'R, E. W. : Clicmiscli-biologisclic Untcrsuchungcn zur Fluorosc des Rindes. 
Diss. Landw. Hoclisclmlc Hohcnhcim, Sluttgart, Fcbruar 1961. 

EMI’A: EidgcnOssischc Matcrialprufungs- und Vcrsuchsanstalt fiir Industrie, Bau- 
wcscn und Gcwcrbc. Emission von LuftfrcmdstofTcn. Bcricht Nr. 39000 (1968). 

Fi.ati.a. J. L., quoted after J. R. Marihr: Fluoride research. Science JSP, 1494 
(1968). 

P/ULMP.S, P. H., Hart, E. D., and Dohstedt, G.: Chronic toxicosis in dairy cows 
due to the ingestion of fluorine. Agr. Exp. Stat. of the University Wisconsin, 
Res. Bull. 123 (1934). 

Schmidt, H., Harris, W. F., and Shupe, J. L.; A report answering specific ques- 
tions with an evaluation of findings for fluorosis of animals in the region of 
Notlicrn Switzerland. Schweiz. Arch. Thkd. 110 , 109 (1968). 

WoHERiER, W., OcLSCHLAGER, W., Grondach, G., und GiESSLER, H. : Die Resorp- 
tion von Fluor durch Ochsen aus Erde und Flugstaub einer Aluminiumhiitte. 
14. Forschungsbcricht der Dcutschen Forschungsgemeinschaft, 114-125 (1968). 


Fluoride in the Treatment of Bone Disease 



FJuoridc in tiic Treatment of Bone Disease 


l.V, 


The action of fluoride on diflfuse bone atrophies 

M.T)iih))AUD, R.Zender, B. CovRVoisinn, C.A.Bavd and C.Jacot 


The action of fluoride was studied on } 3 patients (12 females and 1 male) 
between the age of 49 to 86 years, suffering from bone atrophy. 12 patients 
had diflusc osteoporosis of senile, post climacteric or idiopathic type and 
the last patient atrophic Paget’s disease. Fluoride was given in enteric 
coated tablets of sodium fluoride*, containing 10 mg of fluoride ion. 1 
patients received 30 mg of fluoride ion daily during 200 days, 6 received 30 
to 70 mg daily during 140 to 300 days. 

This following study deals with the biological, histological, radiological 
and clinical aspects of fluoride treatment including alterations of tissues 
other than bone. 

1. METHODS 

Ca: titration with EDTA in the presence of calceine as indicator; P: 
phosphomolybdate reaction; alkaline phosphatase; substrate is p-nitro- 
phenyl-phospliate; hydroxyproline; urine acid hydrolysis— oxydation to 
pyrrole— reaction with p-aminobenzaldehyde; F in urine: microdiffusion 
method of Baumler and Glinz (I); F in bone; dosage made with the 
specific electrode according to the technique of Richardson and McCann 
( 2 ). 

2. BIOLOGICAL STUDIES 

Bone metabolism was checked periodically, every two weeks on an aver- 
age, by the following parameters ; blood calcium, phosphate and alkaline 
phosphatase and urinary calcium and hydroxyproline. The latter two were 
determined also before and after the treatment on hospitalized patients 
receiving a low calcium and collagen diet. 

Results: Blood calcium and phosphate levels did not change significantly. 
After approximately three months of treatment and with a normal diet, 

» Wc wish to thank Zyma S.A., Nyon, for providing the tablets of NaF. 
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1 UciM calcium before anJ after treaiment with NaF. 


calciuria decreased slightly but not signibcantly. However, the uiioary cal- 
cium of 10 patients rcceivinga standard low calcium diet showed an average 
decrease of 33% after treatment in companson to their calcium exaction 
before U According to \ariaoce analysis this decrease is significant (Fig. 1). 
There is no relationship betv>,een the amount of fluoride gU’en and the degree 
of (he decfe.ise in urinary cafcnim. The meancafeiuria of each patient remains 
wiibm normal values, i e. below J70 nig,M. 

The organic phase of bone studied by hydrocyprolinuria analysis. 
Normal adults given a low collagen diet eliminate Jess than 40 mg of this 
anuno acid daily. The hydto’^ptolmuria of 10 patients showed an average 
jncre.ase of 47 % after treatment compared to thc/rhydro^yproJi/tur/a before 
ft (F'g 2) Considered one by one, these variations are less significant than 
those of calciuna, the 10 patients studied forming a disparate group. 6 pa- 
tients presented a definite increase. 3 a slight increase and 1 a decrease of 
h)drosyprolmuria. Variance analysis showed an interaction significantly 
higher (P < OOOl) than the vafiabiHty in the patients before and after 
treatment. Under these conditions Ifie difference, tested between general 
mean values before and after treatment, with reference to interaction is 
not significant (P ><idS>. Htnvtva. Wilcoxon’s test for coupled diffe- 
rences of mean values per subject gives P = Q.QS, the statistical V\mX. There 
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Fig. 2. Urine hydroxyprolinc before and after treatment with NaF. 


is no relationship between the amount of fluoride given and the variations 
of hydroxyprolinuria. 

The increase of hydroxyproiinuria, though not significant, is still interest- 
ing, as this amino acid is known to be eliminated in excess in urine during 
collagen degradation as well as synthesis. 

Osteoblastic activity was checked periodically by determination of alkaline 
phosphatase, which increased definitely and significantly (Fig. 3). The 
patients presented no liver diseases. Regression analysis of T cases during 
the first 32 weeks of treatment showed a significant and positive relationship 
between the length of treatment and blood alkaline phosphatase levels. 
Although dispersion of values around the regression line is considerable, 
linearity is observed (P = 0.005) and the significance test is clearly positive 
(0.01 > P > 0.001). 

There is no interrelationship between the variations of calciuria and 
hydroxyproiinuria. Alkaline phosphatase levels increased after a few weeks 
treatment, hydroxyproiinuria rose only after several months. 

In short, we observed a definite decrease of calciuria, an increase of 
hydroxyproiinuria and blood alkaline phosphatase levels, suggesting a modi- 
fication of the balance between resorption and apposition in favour of the 
latter. 




Fig 3. Plasma alkaline phosphatase during treatment with NaF. 


3.FLUORJDE DOSAGES 

Urinary fluoride excretion of 13 patients was deiermintii 6uT)n| the titat- 
ment The daily values obtained were 12 to 30 mg/24 h, representing 30% 
to with a mean value of 44% of ingested fiuonde. Thus, an average of 
56% IS retained by the patient. Excretion is constant and there is no differ- 
ence bct« cen fluoride reiention at the beginning or the end of treatment. The 
pet cent of floonie ingested that is found in utine does not decrease with the 
dose Thus patients receiving 60 mg of fluoride retain twice as much as 
those receiving 30 mg The amount of fluoride in bone biopsies has been 
determined m 8 cases (Table 1). 


Table I Fluoride m bone ofS ircaJed patients 



F lreof>nfnt 
dotssiday 

tenstii fmomjij) 

F % III bone (ashes) 

1 

dOmg 

6 

0.3020 


mg 

3 

0 1720 

6 

60 mg 

7 

0 35S0 


30 mg 

6 



30 mg 

7 

0 3047 


30 mg 

J 



30 mg 

< 



30 mg 

8 

0 2842 


it «as possibis 10 study the bone specimen of case 6 by X-ray dilTractron, 
The unit cell of apatite Mas measoxed; the length of o is shortei than that 
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Fig. 4. Fig. 5. 

Microradiographs of bone biopsies after treatment showing trabeculae surrounded 
by mottled bone (X 55) 


of the controls, proving that fluoride is incorporated in the crystalline lattice 
of bone mineral. 

4. HISTOLOGY AND M I C R O R AD I O G R AP H Y 

7 patients underwent a bone biopsy of the iliac at the end of the treatment, 
2 patients had biopsies before and after the fluoride treatment. These biop- 
sies were examined by conventional histological methods and by microradio- 
graphy. They showed typical alterations of osteofluorosis. These alterations 
can be observed both in compact and cancellous bone. The specific mor- 
phological entity, the mottled bone, can be easily identified by microscopy 
of the microradiographs (Fig. 4 and 5). Mottled bone differs from normal 
bone in that the former has, 1. a greater number of osteocytes ^^'hich are 
irregularly scattered; 2. larger lacunae which may join together and 3. thin. 
X-ray transparent lines representing apposition defects. Trabeculae of pre- 
existing bone, surrounded by mottled bone with these typical features, were 
found in the biopsies, the two structures being clearly separated. The lacunae 
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of preexisting bone were not enlarged, thus proving that fluoride acted only 
on osteoblasts and bone formed during the treatment. Intercellular substance 
of mottled bone did not seem less mineralized than that of adjacent normal 
bone, but its distnbulion was more tcrcgulac. No conclusion can be drawn 
from this solely qualitative study as to wether there is an increase m bone 
mass as a result of fluoride treatment. 

5.X-RAY EXAMINATIONS 

Comparative study of vertebral column and pelvis X-rays before and after 
treatment showed no change. 

e.CLINICAL RESULTS 

8 patients claimed that they feU definitely less bone pain after a few 
months of treatment. One year after the end of the treatment, 5 of the 
patients still felt improved. The remaining patients felt either a temporary 
relief from the treatment or none at all 

7 SECONDARY EFFECTS 

Fluoride had no side effects except on 2 patients who complained of slight 
muscular pain in the lower limbs Periodical blood counts, blood sedimen- 
tation rates, renal function tests and urinalyses showed no change except 
Icucocyturia without albumin m some elderly patients One case with re- 
duced renal function showed further impairment, which was reversible. 

SUMMARY 

The action of fluondc was studied in 13 patients between the age of 49 to 
86 years 12 with osteoporosis and I with Paget’s disease of atrophic type. 
Sodium fluoride was given daily in doses of 30 to 60 mg of fluoride m ion 
during 140 to 300 days Clinically, this treatment relieved pain subjectively 
m 8 patients without modifying X-ray findings. Biological tests showed a 
decrease in calciuria, an increase m hydroxyprolinuria and in blood alkaline 


vaiiceiious bone with typical structural alterations (“mottled bone”), which 
consists increase of ostcocytes located in large lacunae and apposition 
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clcfccts. Urinary fluoride dosages showed that about 50% of fluoride given 
is retained by the patient; the bone contained an average of 3%o of fluoride. 
The enteric coated tablets of sodium fluoride were well tolerated without 
any secondary or toxic effects. Considering that the perspective required to 
appraise the effect of fluoride is lacking and that the newly formed bone 
induced by this substance is of unccrtain quality, the authors feel that treat- 
ment with fluoride is still in an experimental stage. The present observations 
arc not to be taken as an indication that fluoride should be used in the treat- 
ment of osteopathies of atrophic type in general medicine. 

LITERATURE 
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Fluoride in osteoporosis 

r.NV. RtUTTER, R. Siebenmahn and M- Pamrola 


Snm\ih\cd by RoHom’S dcscvipiiotv of skeletal fluorosis m cryolite-workers 
(8) and by the first teports of Rich on thecapculic fluorosis in patients with 
V arious forms of bone disease (6, 7) we initiated treatment of severe forms of 
osteoporosis with fiuonde four years ago. First results were reported in 
1965 15). Today, clinical, biochemical and bone biopsy observations on 31 
patients with osteoporosis can be reported 

PATIENTS AND METHODS 

Ml patients v.«e seen at the Medical department of the Kantortsspital 
St Gallen Some of the patients were hospitalised during the entire period 
of treatment, whereas others only for the initial study and control exattuna- 
tnsns. being followed m between either by their private physician ot as out- 
patients 26 patients had idiopathic osteoporosis and 3 patients rheumatoid 
arthtiiis V. ith severe osteoporosis, 2 of whome were on maintenance cortico- 
steroid therapy In two cases osteoporosis was due to complete immobiliza- 
tion b«ause of neurological disease All patients were extensively studied to 
rule out other possible causes of osteoporosis such as malabsorption, hyper- 
parathyroidism or other endocrine abnormalities. 

Fluoride was administered as sodium fluoride in uncoated tablets m a dose 
of 37-100 mg of fluoride ion per day for periods tanging from 21 days to 
over three years In some cases addiuonal therapy included vitamin D and/or 
calcium 

Serum calcium, phosphorus, alkaline phosphatase (Bessev) and tartrate- 
fomiahn not inhibited acid phosphatase (9) were determined before and at 
various mttrvals during trcainjwil in all patients. X-rays of the skeleton were 
done before and at various times during treatment. Calciuria was measured 
under low calcium diet (150 rog calcium per day) and calcium infusion stu- 
dies performed according to Haas in nearly two thirds of the cases (2). 

Iliac crest (84 biopsies) and nb (5 biopsies) biopsies were performed in. all 
31 patients before initiation of fluoride therapy and repeated at various 
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SERUM PHOSPHATASES BCPORE AND DURING ELUORIDE THERAPT 


nton|h« on Fluoride 
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Fig. I. Mean values and standard deviation of serum alkaline phosphatase (APh) 
and by formalin and tartrate not inhibited acid phosphatase (FAPh), before and 
during iluoridc therapy, n = number of cases examined. 

Increase of APh is of statistical significance for months 1 to 11 (p < 0.001-0.05) 
lacking significance there after. Increase of FTAPh is small and of statistical signifi- 
cance only in months 5 and 9 (p < 0.05). 


SERUM CA AND P BEFORE AND DURING FLUORIDE THERAPY 
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Fie 2 Mean values and standard deviation of serum calcium and phosphorus 
before and during fluoride therapy. There is no significant change on fluondc. 
n == number of patients examined. 
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intervals. In 12 patients otic biopsy 'vas performed while in 19 patients two 
to five biopsies were done after periods ranging from 28 days up to 950 days 
of mostly uninterrupted fluoride treatment (4). 

Autopsies were performed in 6 patients who died during treatment for 
reasons not related to fluoride therapy. The skeleton was examined grossly, 
•after maceration as well as hislologically (skull, ribs, vertebrae, iliac crest 
and femur). Biopsies and autopsy material were examined in most cases 
after dccaicification with routine stains, in a few cases also with undecalcified 
sections stained with Rosianowsy, Fiiciisin and Mallory trichrome (kindly 
prepared for us by Prof. E. OtnLmOEii. Zurich). The parathyroid glands 
were examined m two cases 

Prcfrcfttment biopsies confirmed the clinical diagnosis of idiopathic senile 
osteoporosis in 28 cases, and simple inactivity-osteoporosis, possibly en- 
hanced by corticosteroid treatment, in 3 patients. No evidence of osteo- 
malacia, Tcnal osteopathy or hyperparathyroidism was found. 

Statislic.aJ Significance ivas determined by t-fest. 

RESULTS 
dtochemical suidtei 

Mean value and standard deviation of scrum calcium, phosphorus and 
phosphatases of 22 patients given fluoride for at least three months are 
shoun m Fig l and 2 Fluoride caused an increase in alkaline phosphatase, 
being Significant after one month and persisting for the first year. Thereafter 
increases m alkaline phosphatase became less pronounced and statistically 
msignificani The increase in alkaline phosphatase was dose dependent and 
neser obsmcii at a fluoride dose below 37 mg per day. Continuing the same 
dose of /luorjJe elevated alkaline phosphatase returned to normal after 1 
to 1 ’ 2 years of treatment m two cases 

A small increase m tartrate-formahn not inhibited acid phosphatase did 
not prove to be significant. This acid phosphatase is a good index for the 
activity of bone osteoclasts to (he absence of hver disease, It is determined 
by simulianous inhibition of the erythrocyte fraction by tartrate and of the 
pmstatc fraction by formalin (9) 

No Significant change in scrum calcium or phosphorus was noticed daring 
fluoride administration (Fig 2). ^ 

l^rinary calcium excretion was determined in 16 patients Calciuria 
dwwsed significantly m a» (p < 00|). This reduction was noted one to 
three months after onset of fluoride therapy and persisted during the entire 
period of observation lasting up to 18 months (Fig 3). 




Fig. 3. Mean urinary calcium excretion and standard deviation before and on 
(luoridc. Calciuria decreases significantly on fluoride, n = number of patients 
examined. 


Calcium retention after an intravenous calcium load was already slightly 
elevated in 1 1 of 1 6 patients in the control period. On fluoride, mean calcium 
retention increased significantly over mean control values during the first 
nine months of treatment, lacking statistical significance thereafter (Fig. 4). 


Radiological changes 

There was no change on X-ray films of the spine and pelvis during the 
first six months on fluoride. Coarse and thickend trabecuh ; were noticed 
in approximatively 70% of treated patients after nine to twelve months. 
Formation of multiple exostoses occured in a 78 year old female after 14 
months on fluoride (total dose 29.1 gm). On X-ray, soft tissue calcifications 
were not seen in any cases. Blurred bone structure and merging of trabeculae 
resulting in a diffuse structureless bone shadow with increased density o t le 
spine, pelvis and ribs was noticed in a 49 year old female after one year o 
treatment. The total dose of fluoride in this patient, the youngest one o our 
series was 27.2 gm. These X-ray findings correlate with the second phase ot 
osteo^klerosis according to Roholm (1). Except for a slight decrease in 
glomerular filtration (average endogenous creatinme-clearance , 

ute) possibly causing higher fluoride retention no explanation or ns umq 
nrrpfprated induction of radiological fluorosis can be given. 
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CA-RCTCNTION BCrORC AND DURING aUORtOE THCRAPY 



fig 4 ^(ean calcium retention after iv calcium load a* 


Cli/ucal /imlin^’s 

26 of 31 patisnl, trcalcd vmh nuonde for more thro th, 
dccrasc of bono pa,n lo 3 patients complete relief of sS” !‘T “ 
marked increase in mobility No improveiLni ' “'‘''“I pa'n led to 
fmcttircs after minimal tmuma occured m 2 natiLu T ^ 
on fluoride No precise measurement on Irttr „ f k' f 
dented from X-rays but gross progression was rarely obse™d“'‘“’’“ 

Ilislolo^icat changes 

found regularly only after three to four months 

-Ne bone change, at autopsy were found only 
Out biopsy and autopsy findings mav h. 

therapeuticadmimstralionoflowdosesoflluor'rrn'"'* “ 

to a dose-dependent 
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Fig. 5. X-rays of macerated bone sections of a 83 year old female, treated with 
fluoride for three years. New bone formation resulting in coarse, irregular trabe- 
culae is most pronounced in vertebrae, skull, iliac crest (outer right) and rib. 


apposition of a characteristic bone material, which corresponds in all respects 
to that described earlier in toxic fluorosis (1, 3, 8). This material, which we 
call fluoride-bone, is richer in osteocytes than normal bone. Its matrix is 
collagenous, irregularly fibrous at the beginning, but later, i.e. in the deeper 
layers of apposition, it also becomes lamellar. The material iS lefinitely in- 
sufficiently mineralized at the beginning. After several moths, however, 
normal mineralization without other therapy such as calcium- or vitamin D- 
administration, occurs. Always there remains, however, an inner young 
layer of osteoid. Mineralization thus seems to be delayed. A characteristic 
basophilic motteling of the matrix was invariably seen after prolonged treat- 
ment. 

Apposition of fluoride-bone is irregular from the beginning, but this 
irregularity is accentuated after longer duration of treatment. Some areas 
of the bone surface seem not to have been covered at all by fluoridc-bonc 
at any time. Periosteal and endosteal deposits of fluoridc-bone are found 
from the beginning. 

The periosteal deposits occasionally merge with calcifications and ossifi- 
cations of tendon-tissue, but these periosteal appositions never became pro- 
nounced even after several years of treatment. They were always confined to 
the immediate bone surface. Thus macroscopically, even in the case treated 
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Tig 6 X'Tays of maccraied seclions of femur of same patient, showing irregular 
new bone formation resulting »n a peculiar hypertrophic atrophy of bone 


for years, only a roughening of ihc bone surface, especially at the insertion 
of IigamcnU an<i tendons, was seen Functionally impairing osteophytes 
neter occured 

An exception to this rule are to some degree the preexistent osteophytes 
in spondylotic vertebrae Here an inlensificalion of the osteophytosis was 
observed Turther, in one patient with preexistent bilateral fractures of the 
femoral neck, one treated by neck prothcsis (Thompson) and the other by 
osicosynthesis, luxuriant periosteal fluoride-bone callus was formed at the 
site of operation 

Endosteal deposition of fluoride-bone however, prevailed m every case. 
This deposition, irregular in cxtcnt,coated HAViasian canals, inner surfaces 
of compact bone and trabeculae of cancellous bone. The most pronounced 
apposuions ocewed on She bone VtaVietutoe. The width of the deposited 
fluoridc-bonc often greatly exceeded the thickness of the original trabeculum 
after only a fov months of therapy. 

On the other hand, cortical and trabecular bone always show from the 
beginning of treatment an increased bone resorption. Even in the case treated 
for only three vvecks an increase of patchy bone resorption is seen in com- 
p.irison to the pretreatment biopsy. This resorption is often present m the 
classic form of fibroclasia with lacunae Rarer and later canaliaili filled 
iMth loose fibrous tissue and occasionally with the typical osteoclasts are 
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observed. Sometimes only lacunae, and an irregular shape of the perios- 
tc:\I or endosteal surface arc seen without fibroosteoclasia thus representing 
remainders of active bone resorption. Sometimes they were newly covered 
by fluoride-bone. This bone resorption definitely increases with the length of 
treatment. There arc, however, fluctuations or local differences explaining 
regression of resorption phenomena on later biopsies. Bone resorption is 
completely irregular. No evidence was found that fluoride-bone formation 
is the consequence of bone resorption as a repair mechanism, nor is resorp- 
tion confined to the newly formed fluoride-bone. Resorption involves pre- 
existent bone as well as fluoride-bone, even in its unmineralized form. This 
is in contrast to true osteoid, which is not attacked by fibroosteoclasia. 

The appearance of bone resorption is indistinguishable from the resorp- 
tion seen in secondary or primary hyperparathyroidism. Considerable fibro- 
sis of bone marrow was seen only in a patchy manner in two biopsies after 
long treatment. It was not seen in any impressive extent in the five autopsies, 
although some cases were treated for several years. The overall result, espe- 
cially after long term treatment, is a patchy new bone formation, without 
discernible distribution along mechanically stressed structures. In between 
there is a persistent or even enhanced porosis. The result is sometimes, 
especially in the ribs, in the vertebrae and in the femur metaphysis a hj'per- 
trophic atrophy (Fig. 5, 6). Quantitative histological studies on bone structure 
and remodeling are reported separately (R.K, Schenk, et al., p. 153). 

Autopsy findings 

Examination of the internal organs of six autopsies revealed no pertinent 
changes. The parathyroid glands, examined in two autopsies after 12 and 
2 1 months of continuous treatment showed mild hyperplasia with replace- 
ment of interstitial fat, increase of small chief cells and some small clear cells. 
Increased, somewhat nodular islets of oxyphil cells were seen in one patient. 
Both patients had shown no clinical signs of this anatomically visible secon- 
dary hyperparathyroidism. Specifically, there was no renal disease which 
could explain a secondary hyperparathyroidism. Slight nephrocalcinosis of 
the medullary region was seen in two of the six cases. It did not exceed that 
commonly found in patients of that age group with senile osteoporosis. No 
calcifications of soft tissues far from the skeleton or of any internal organs 


were seen. 
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CONCLUSION 

Treatment with sodium nuoridc of patients with osteoporosis leads to an 
tncrcase of serani alkaline phosphatase and increased formation ol a t>p- 
cally structured new bone, so tailed fluoride-bone. This indicate stiroutation 
of osteoblastic activity by fluoride Decrease of calctuna and increase of 
calcium tctcmion after a intravenous calctum load are indirect proofs of a 
positae calcmm balance, a mandatory sequa! of excessive new bone forma- 
tion 

We think the an.mojmcal effects of a low dose sodium-fluoride treatment 
arc beneficial in idiopathic senile osteoporosis by virtue of the demonstrable 
formation of fluondc-bone. This bone is certainly insufficiently mineralized 
at the beginning of its deposition, but mineralizes after some months. The 
new bone formation is patchy, however, strictly appositional to existing bone 
and not especially located at the sites of the greatest need for consolidation. 
On the other hand sodium fluoride administration increases bone resorption 
jsnd (here is some evidence (hat this is due at least in part to secondary 
hyperparathyroidism of non renal origin. 

These biochemical and histological findings are pataileled by late changes 
on .X-rajs as broadened trabeculae and occasional increased bone density. 
Though difficulf 10 judge, fluoride seems to decrease skeletal pam in a high 
proportion of treated patients 

It seems that treatment should be limited approximately to a year, or until 
symptoms are relieved. An iniermiUent treatment or renewed therapy in 
htcr phases seems advantageous. 

No untoward effects in other organs have been found. 
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Fluoride in osteoporosis 

Qimlilalm’ hiMcgical stmlies on tone sncture and bane remadelling in 
Serial biopsies of the ilioc cresl 

R.K. Schenk, W. A, Mebz and F. W. Reutter 


introduction 

Hisiological bone changes >n patients treated with sodium fluoride have 
been reported previously by Baylink and Bernstein D96T), 'Bernston and 
Cohen Ecker (1967) and Jov/sey, Schenk and Reutter (1968) 
According to these papers, the most conspicuous findings are a net gain in 
bone substance, apparently doe to an increased bone formation, but accom- 
pawed by mtnctaUiAUon defects and slight structural abnormalities of the 
lamellar bone which has been formed during the period of fluonde adminw 
tratiofl Quantitative histological investigations however, are tare and con- 
fined to a stnaU number of patients and biopsies. 

Th)j study deals with structural and turnover changes in serial biopsies, 
collected from a group of patients suffering from true senile osteoporosis 
Cases of rarefying bone disease due to other causes have been excluded by 
thorough clinical and roentgenological examination. For detailed mforma- 
tjoii on case histones, X-ray examination and laboratory findings we refer 
to RtuTTER ct al. (p 143). 

MATERIAL AND METHODS 

The biopsies have been taken from the ihac crest by means of the myelo- 
tom> dtvire dtsignea by Burkhardt (l966),They were repeated in intervals 
or three to six months, using both sidesaltema(e/y at varying distances from 
the anterior superior spine. Tetracyclssei wosually given five days before 
each biopsy. The specimens were fijed in 40% alcohol, dehydrated and block 
stained m 0.5% fuchsm-alcohol and embedded in melhvlnirthacrylate 
50-70 V thick ground sections served te Tnietorad.ograpb c examination 
and Iluotescence microscopy. Qoantisative histological ev-:,. alien was car- 
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nctl out on 5 (z thick microtome sections stained by a modified Goldner 
technique (Schenk 1965, Schenk, Merz and Mueller, in press). This 
method allows a clear distinction between osteoid and calcified matrix, as 
well as a reliable difTcrentiation of osteoblasts and osteoclasts, bone marrow 
and connective tissue cells. As a consequence, evaluation of bone turnover 
is based not only on surface measurement of osteoid seams and of How- 
SHii’ s lacunae, but also on surface extent of osteoblast layers and number 
of osteoclasts. Thus it rcficcts more accurately the actual state of formation 
and resorption activity. All the measurements were performed with the help 
of an integrative eyepiece described by Merz (1967). For a detailed discus- 
sion of these criteria, tlicir normal values and age changes, see Schenk, 
Merz and Mui;ller (in press), and Merz and Schenk (in press). 

The results arc compared with standard values calculated from 38 normal 
aulop.sy eases of an identical age distribution. A total of 48 biopsies, col- 
lected from 16 female patients with senile osteoporosis (mean age 74 years) 
could be examined. This figure includes 9 control biopsies taken at the be- 
ginning of the treatment. The remaining 39 biopsies are distributed over an 
observation period of as much as three or four years. In some instances, a 
total of five or six bone samples could be gathered from the same individual. 
For technical reasons, the intervals between the biopsies could not be fixed 
in advance. In addition, the daily intake of sodium fluoride, usually 50-75 mg, 
had to be adapted to the general condition of the patient. When the malacic 
state became obvious after a few months of treatment, vitamin D™ was added 
to the fluoride medication. Subsequently all of the cases included later on in 
the study had a combined treatment with fluoride and vitamin Dc, whereas 
the original group received supplementary vitamin D only in later periods 
of observation. 

These inevitable drawbacks of the study protocol are satisfactorially com- 
pensated by grouping the biopsy specimens according to Table 1. For each 
group it indicates, beside the number of biopsies and the months of treat- 
ment, the mean duration of treatment in weeks and the average accumulated 
dosage of sodium fluoride in grams. The mean duration of treatment is 
subsequently used as reference number in the diagrams illustrating the 
morphometric results. 
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•Vsbk 1 . DmiUon ot ireatracM, accnmnlatcd dosage of sodium (luondc, ^ jii*- 
iribulion or biopsies collected from 16 female palients with senile osteoporosis 
(mean age: 74 years, total of biopsies: 48) 


Months of treaiment 

before biopsy 

0 

1 

2-3 

4-7 

&-14 

15-49 

Mean duration oftreatment 
before biopsy in \*ceks 

0 

5 

10 

20 

4D 

85 

AecumuUied dosage of 
sodium fluoride in grams 
(S D.> 

0 

2 500 
(0 592) 

4.500 

(1013) 

(0 800 
(2 667) 

18 000 
{8 073) 

27.100 
(12 495) 

Numbcrorbiorsics 

eiamined 

9 

to 

6 

8 

9 
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RESULTS 

QunltiattNC histological changes in the cancellous bone of the iliac crest 
under prolonged administration of sodium fluoride are first illustrated by a 
senes of four biopsies obtained from the same female patient. This patient 
had a combined treatment with fluoride (40 mg NaF/day) and vitamin D. 
M the beginning of treatment, the cancefloos bone consisted of trabecisfa 
nifh small diameters (Fig. 1). Osteoid seams, osteoblasts and osteoclasts are 
rare After ten ssecks of fiuondc application, the structure is almost identical, 
but an increased number of newly formed osteoid seams became evident, 
suggesting a stimulation of osteoblastic activity (Fig 2). This statement is 
coafiimed by a corresponding augmentation of osteoblasts. The third biopsy 
(Fig 3i teptesents the typical ahetations observed m the second half year 
of treatment The trabetufar surface is covered to a great extent by osteoid 
scams of considerable thickness, Tcscmblmg an osteomdlacic stale due to a 
delicicncy m mincralizafion. At the end of the first year, honever, an im- 
ptosement in mineral density of the newly formed areas became obvious. 
The iinaJ stage after 27 months is illustrated by a last biopsy (Fig. 4) Seven 
niQtiihs before this biopsy, the application of both fluoride and vitamin D 
IV35 discontinued ffistofogically, osteoid scams are no longer predominant 
(Fig 4a) Fhc microradiograph (Ftg. 4b) revCvals an overall improvement in 
the degree of mineralization, though some lack of mineral is still detectable 
in undcrminctaUzed halos around the osteocytes and areas of low densit in 
the appositiona! layers of the first year. 
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rk'cl out on 5 (/ thick microtome sections stained by a modified Goldner 
tocluiiquc (Schenk 1965, Schenk, Merz and Mueller, in press). This 
method tillows a clear distinction between osteoid and calcified matrix, as 
uell as a reliable di(Tcrcntiation of osteoblasts and osteoclasts, bone marrow 
itnd connective tissue cells. As a consequence, evaluation of bone turnover 
is based not only on surface measurement of osteoid seams and of How- 
SHii' s liicunae, but also on surface extent of osteoblast layers and number 
of osteoclasts. Thus it reflects more accurately the actual state of formation 
and resorption activity. All the measurements were performed with the help 
of an integrative eyepiece described by Merz (1967). For a detailed discus- 
sion of these criteria, their norma! values and age changes, see Schenk, 
Merz and Mueller (in press), and Merz and Schenk (in press). 

The results arc compared with standard values calculated from 38 normal 
autopsy cases of an identical age distribution. A total of 48 biopsies, col- 
lected from 16 female patients with senile osteoporosis (mean age 74 years) 
could be examined. This figure includes 9 control biopsies taken at the be- 
ginning of the treatment. The remaining 39 biopsies are distributed over an 
observation period of as much as three or four years. In some instances, a 
total of five or six bone samples could be gathered from the same individual. 
For technical reasons, the intervals between the biopsies could not be fixed 
in advance. In addition, the daily intake of sodium fluoride, usually 50-75 mg, 
had to be adapted to the general condition of the patient. When the malacic 
state became obvious after a few months of treatment, vitamin D- was added 
to the fluoride medication. Subsequently all of the cases included later on in 
the study had a combined treatment with fluoride and vitamin Do, whereas 
the original group received supplementary vitamin D only in later periods 
of observation. 

These inevitable drawbacks of the study protocol are satisfactorially com- 
pensated by grouping the biopsy specimens according to Table 1. For each 
group it indicates, beside the number of biopsies and the months of treat- 
ment, the mean duration of treatment in weeks and the average accumulated 
dosage of sodium fluoride in grams. The mean duration of treatment is 
subsequently used as reference number in the diagrams illustrating the 
morphometric results. 



FluonJe in osteoporosis 


155 


TdVte' ois- 

ttibuti< . ' 

(mean ^ 


Months of treatment 
before biopsy 

0 

1 

2-3 

4-7 

8-\4 

15-49 

Mean tluration of treatment 

before biopsy in weeks 

0 

5 

10 

20 

40 

%5 

Accumulated dotage of 

0 

2 500 

4 500 

JO 800 

18000 

27 too 

sodium fluoride in grams 
(SDl 


(0.592) 

(10J3) 

(2 667) 

(8 073) 

(12.495) 

Number ofbiopsics 

esammed 

9 

10 

6 

8 

9 

6 


Qualitalne hislological changes in Ihe cancellous bone of the iliac crest 
unilcr prolonged atimimslration of sodium fluoride ore first illustrated by a 
senes of four biopsies obtained from the same female patient. This patient 
had a combined irealment ivith fluoride m mg NaF/day) and vitaniin D 
At the bepnning of trealmeni, the cancellous bone consisted of trabecula 
»ilh small diameters (Fig I) Osteoid seams, osteoblasts and osteoclasts L 
rate After ten ueeks of floor, de applicatton, thestructure is almost identical 
bu, an increased number of newly formed osieoid seams beeame e“den, 
<ugg«iing j stimulation of osteoblastic activity (Pjg. d xu,,. , ’ 

confirmed byacorrespondmgaugmentationofLUblas^^^^^^^ 

(t ig 3) represents the tjpieal alterations objerred in rhe’s™ ^ 

of iteaimenl Tbe trabeeular surface is covereTm 

seams ot considerable thichness. resemZ ZZ “““ 

deficiency in mineralization. At the end of the first ZT “ 

proiemen, m mineral densiiy of ,he newly fe™.a Z ' 'm- 

Thef.„alslagear,er3y,„o„,lisi„„s.ra,eV;Xrps';'^p* 

in ondemuncralized halos around the osteocvie. , *telable 

the appoMional layers of rhe first year. *nsit> in 
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Fig 2. Biopsy after 10 weeks of sodium fluoride, 40 mg/day. Fuchsin-stained osteoid 
scams appear as dark bands 

Fig 3. 7 months after the beginning of treatment, most of the trabecular surface is 
covered by wide osteoid seams (OS). ' 

Fig 4 Biopsy after 27 months of treatment. a~bnght field, b— microradiograph 
0 «= pre-existing bone. 1 = bone formed during the first year of treatment. 2 = 
appositional layers formed in the second year Note the striking improvement in 
osteoid mineralization Fluoridc-contaimng areas of the first year are clearly 
recognizable by their relatively low mineral density and enlarged ostcocyte lacunae. 
In contrast to this, the recently formed layers have an almost normal appearance (2) 



resull! or our quamitati4 histolo.' * representations of the 

(F.g 5-9,. o-srams 

error of the groups, svhereas the tehed it 
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Fig. 6. Glfect of fluoride treatment on specific surface of trabecula (trabecular sur- 
bonc) This value is converse to the mean trabccularface per unit volume of tra- 
becular tliickness. High figures indicate a small, low figures a large trabecular 
diameter. 


year, but still present in later periods. Thus, the final value almost doubles 
the original one. The curve obtained for the specific surface shows an oppo- 
site trend (Fig. 6). Specific surface is reciprocal to the mean diameter of the 
trabecula. The initial high value is characteristic for an atrophic trabecular 
framework. The constant decline under treatment reflects a coarsening of 
the trabecula, apparently due to the apposition of new osteoid layers upon 
the surface of the preexisting scaffold. 

Both structural values agree with a net gain in bone substance under the 
influence of fluoride. This positive skeletal balance may be attributed to an 
inhibition of bone resorption, a stimulation of bone formation, or a parallel, 
but unequally large acceleration of both osteoclastic and osteoblastic activ- 
ity. Among the different parameters used for delermirtiion of formation 
and resorption activities, the osteoclast index (Fig. 7) and the surface extent 
of osteoblasts (Fig. 8) are especially informative. The number of osteoclasts 
shows a slight, but not significant tendency towards higher values. The 
behaviour of the osteoblasts is, on the other hand, highly characteristic. 
Starting from an initial, very low value, there is a tremendous “P ^ 
maximum reached after 40 weeks, which increases eventually to 17 un 
higher than the minimum. In the second year, there is a decline, b 
latest group of observations still e.xhibits a mean value well above the aver, g 

°Tte “mourn of osleoid present in the second half year of treatment 
be partly accounted for by the increase ,n osteobiasttc 
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Osteoclast tndex (Oi) 



^ ^ weeks 85 

Fig 7 CfTecl of nuonde on the number of osteoclasts. The osteoclast index inHirat« 
the number of osteoclasts per umi trabecular surface. indicates 





Fig. 9. Fflccl of fluoride on volumetric density of mineralized and unmineralized 
fractions of cancellous bone. The upper line represents the total bone substance, 
(lie lower line the mineralized part. The hatched area indicates the amount of 
osteoid present after the respective duration of treatment. 

Fig. 9). Tlicrc is, however, not a complete block of mineralization, as the' 
mineralized fraction of bone also augments progressively, though at a much 
slower rate. In the second year, the relative amount of osteoid diminishes 
more and more. The recovery from mineralization impedance is detectable 
in all 5 patients observed over a period of more than one year. Its histolog- 
ical and microradiographic appearance can best be demonstrated on the 
basis of a 75 year old woman, which, in addition to iliac crest biopsies, 
underwent two surgical rib biopsies at the end of the first and second year. 
From the beginning of treatment, tetracycline was given in regular intervals 
of five to six weeks. As a consequence of the delay in mineralization, these 
labels did not appear in the usual form of clearly demarcated fluorescent 
lines, but rather as diffuse, continuous areas (Fig. 10b). 1 jjis area represents 
the appositional bone formed during the first year, its mean width being 
approximately 110 (x. The preexisting bone in the corte.K and trabecula is 
clearly discernible by its dark green color in the fluorescence micrograph. 
More than 50% of the trabecular surface is covered by osteoid seams with 
a mean thickness of 50 (x and a hazy demarcation line. The low mineral 
content of the tetracycline-labelled area is first indicated by an increased 
permeability for basic fuchsin, especially prominent in the matrix' surround- 
ing the osteocytes (halo volume. Frost, Villanueva and Roth, 1960), This 
statement is confirmed by a microradiograph (Fig. 10c), showing poor 
mineralization of the fluoride-containing bone, uncalcified cement lines and 
areas of low mineral density around osteocyte lacunae. 





Fig JO Rib biopsy of a 75 year oJd 
woman at the end of the first year of 
^ I fluoride application The periosteal 
^*1 surface of the rib cortex runs parallel 
to the lower margin of the micro- 
graphs Fuchstn-siamcd ground 
section, 40 t. 
a bright field 
b~ fluorescence micrograph 
c mvcrotadiograph 
0— .precMsung bone 

\ =«tciracvc\me-labc\led bone, formed 

during fluornte application 





162 


Fluoride In the Treatment of Bone Disease 



Fluoride in osteoporosis 


163 


During the second year, the daily intake of sodium fluoride was reduced 
to 25 mg/day. No further tetracycline xvas given, in order to obtain a clear 
histological differentiation between preexisting bone and appositional layers 
formed during the first and second year (Fig. 1 1 b). In the second year there 
IS still a marked activity of the osteoblasts leading to a further coarsening 
of the trabccuU. In contrast to the fint year this newly formed bone has 
an almost normal appearance and exhibits a definitely higher degree of 
mineralization. This can be shown both by the uptake of basic fuchsin 
Fig Ha) and by microradiography (Fig. 11c). In addition, some local) 
improvement of mineral density in the tetracycline-labelled areas originating 
from the first year is suggested by the microradiographs. 


DISCUSSION 

The mitial control biopsies collected before flitoride application confirm 
the clintcal diagnosis of senile osleopotosis: Volumetric density is dcfiniteli. 
below the average of the corresponding normal age group, and high specific 
surface indicates a reduction of the mean trabecular diameter. This tabe 

eularatrciphy IS due to a failure in osteoblastie aetlviiy, whereby tl« 

of osteoclasts lies vvilbin the normal range This finding is contrary to the' 
enrrent view, that negative skeletal balance in osleoporLs is S bv a' 
increased resorption (fovvstv I967 .-Sedun, Frost and Viluanuev^ 19m 
IS eonfirmed, however, by a more exlensive morphomelrie stiirlo wf R J. 
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Fig. 1 1 . Rib biopsy of the same 
patient, one year later (two years 
after beginning of treatment). 
40 : 1 . 

a — bright field 
b — fluorescence micrograph 
c — microradiograph 

0 = preexisting bone 

1 = tetracycline-labeiled bone of 

the first year, 

2 = unlabellcd bone formed during 

tlu second year 
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During the second year, the daily intake of sodium fluoride was reduced 
to 25 mg/d.iy. No further tetracycline was given, in order to obtain a clear 
histological dilTcrentiation between preexisting bone and apposUional layers 
formed during the first and second year (Fig. lib) Tn the second year there 
is sull a m.irkcd activity of the osteoblasts leading to a further coarsening 
of the trabecula. In contrast to the first year this newly formed bone has 
an almost normal appearance and exhibits a definitely higher degree of 
mineralization. This can be shown both by the uptake of basic fuchsin 
Fig. 11a) and hy microradiography (Fig. Uc). In addition, some local) 
improvement of mineral density in the letracyclme-labelled areas originating 
from the first year is suggested by the microradiographs 

DISCUSSION 

The initial control biopsies collected before fluoride application confirm 
the clinical diagnosis of senile osteoporosis: VolumetTic density is definitely 
below the average of the corresponding normal age group, and high specific 
surface indicates a reduction of the mean ttabectilat diameter. This 


nwgauve siveteial balance m osteoporosis is caused by stn 

mereased resorption (Jowsev l967.'SeoLiN. Frost and Viluanutv/v 1961), 
It IS confirmed, however, by a more extensive morphometric study of bone 
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reacte anJ e^cn exceed, the mean value in normal autopsy cases of the 
tome age group Concurrent reduction oS Ihe specific surface demonstrates 
that this increase m volumctrrc density is brought about by a nradual deno’ 
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first year, wficrcby the number of osteoclasts is augmented only to a Jesser 
degree. This difl'ercncc explains sufficiently the gain in bone substance during 
our period of observation. It must be emphasized that new osteoid is laid 
down preferably along neutral surfaces, in contrast to renal osteodystrophy, 
where these deposits usually cover the scalloped areas originating from a 
prcceeding osteoclastic resorption. 

The assumption that the stimulation of osteoblasts and osteoclasts may 
represent a hyperactivity of the parathyroid glands has been expressed in- 
dependently by diOerent authors. It was originally incited by the presence of 
large resorption cavities with fibrous bone marrow in the cortex of long 
bones of fluoride-exposed man and animals. An increased amount of para- 
thyroid hormone in scrum, and electron microscopic evidence of increased 
cellular activity in the parathyroids of sheep after fluoride application were 
reported by Faccini and Care (1965). Nichols, Flanagan and Woods 
(1965) noticed a striking similarity between the metabolic pattern of florid 
hyperparathyroidism and that of a patient with radiological evidence of 
fluorosis. They attributed the marked stimulation of new bone formation in 
fluorosis to the increased level of parathyroid hormone and postulated a 
kind of secondary hyperparathyroidism induced by a stabilization and a 
reduced solubility of the bone salt. Finally, Bernstein and Cohen (1967) 
discovered 3 cases of slight parathyroid hyperplasia in a group of 30 patients 
subjected to a long-term fluoride therapy. A coincidence of hj'perparathy- 
roidism and positive skeletal balance can only be explained by the assump- 
tion of a concurrent inhibition of bone resorption. Posner et al. (1963) 
suggested that the substitution of the hydroxyl ion by fluoride stabilizes the 
apatite crystals and impedes their dissolution. The reduced solubility would 
also explain the normal serum calcium values observed in most of the clinical 
studies (Rich and Ensinck 1961, Rich et al. 1964). Faccini (1967) reported 
a higher resistance of fluoride-containing bone against osteoclastic resorp- 
tion in rabbits supplied with fluoridated water. He admitts, however, that 
this finding cannot explain the significant increase in circulating parathyroid 
hormone only one week after fluoride administration (Faccini 1969), and 
similar observations of Yates et al. (1964) after intraperitoneal lavage in rats. 

Osteoclasts resorbing tetracycline-labelled, fluoride-containing bone arc a 
common finding in our material, where as tunneling resorption of preexisting 
bone occurs only incidentally (unpublished observation). Therefore, the 
concept of direct inhibition of bone resorbing cells by fluoride becomes more 
likely. It is supported by Goldhaber (1967), who observed an inhibitory 
effect of fluoride on parathormone induced resorption of mouse calvaria 
grown in tissue culture. Thus, primary inhibition of enzymatic actn’ity of 
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bone ,e»,binE celU is supposed to produ« o *op m 
in torn sttmulolcs the putathyiotds. The metettsed level of PTH sttmulates 
both osKoktetie end esteoetelic ticlivity. As the tnh.b.lion of resorbm^ 
ceUs by Huotide continues, bone formotioti overwhelms osteoclastic bone 
icsorptioa. This gi\-es rise to a positive skeletal balance and a norma or 
shchtly lowered serum calcium concentration. 

Beside the nccclcraiion of bone remodcUmg and the concomitant inbibi* 
tion of resorption, the existence of a transient mineralization deficiency is 
the most prominent histological fcaime. An osteomalacic effect of fiuotide 
was first suggested by DARTOLucct (1912) in ffuotidc-imoxicatcd cattle. In 
man, it was observed in cryolite worVetsby and GtiwoMssos (1932) 

and koitot.M (1938) Since Iluoride has been used in the treatment of bone 
diseases, an mterfcrence with the mmeralizaiion process has been detected 
rcgwIarly(BERNSTtiNand CoiitN 1967, Bayuns and BernsteiW 1967, Epker 
1967, JowsEY, Schenk and Reutier 1968). There is, however, not a com- 
p/tfte block of minerahration, but rather a delay, as suggested by a diffuse 
uptake of tetraejehne and a persistance of low mineral density in the newly 
formed bone. In addition, tins bone exhibits uncolcifted cement lines and 
poorly minerabzcd areas around osteocyte lacunae. 

The apparent recovery of mmeralizauon after long-term treatment is an 
unexpected and exciting observation in our material. It is present In all 5 
patients which could be observed over a period of more than one year. 
Uefote discussing and interpreting this finding, some inherent modifications 
of the treatment have to be considered* 

1 When the existence of a malacic state after six or eight months of treat- 
ment became obvious, additional vitamin D was administered periodically 
m most of the patients 

2 As both clinical and histological exatninaUon revealed a distinct im- 

provcmcni of the skeletal disorder and a marked acceleration of bone for- 
mation, the daily intake of sodium fluoride was reduced from 50-80 mg to 
25-50 mg or. incidentally, completely stopped ^ 

A ro,m,c cllv« of D .he ^ 

in .be course ot our j.udy. add,l,o™.l vib.n.,o D ,ve. given regularly .„ all 
.he vubsesuen. pa..en.v Hovve^rr. vdamin D admm... ration even from .he 
beginning, could no. prevent a .ransitory snrt-ace o,.eomalacia of about the 

s.imeextcnt as m cases Without vitamin D. On tbp niVa-v a • 

the osteoblastic stimulation to a considerable degree At thTpC 
a closer examination of this interaction is in progress. ® moment. 

The second factor involved in the improvement of .i 

.be,ed„e.,o„,,.,hcdai!yin,abcot«„nride.Sys,e,„a,,es,„diefo„t™I^ 



Fluoride in the Treatment of Bone Disease 


ir.f. 


iLliilioiisIiips in fluoride treated animals and patients are scanty and not 
conclusive, althouglt Roiiolm (1937) already stated that comparatively small 
doses resulted in accelerated bone growth and calcification, vvhile large doses 
produced :i mineralization defect. Recovery from abnormal mineralization 
produced by fluoride in rat incisor dentin has been reported by Yaeger 
(1966). In the course of our study, the therapeutical success motivated a 
reduction of the daily intake or a complete cessation of the drug after one 
or more years. Thus, this factor may well be involved in the apparent recov- 
ery from mineralization deficiency in the later periods of observation, espe- 
cially in the long-term cases discussed in this paper (Fig. 1-4, 10, II). The 
fact, that the final stage of severe fluorosis in cryolite workers is almost 
consistently depicted as osteosclerosis, is another indication for a certain 
adaptation of the mineralization process. This would imply the elaboration 
of a more appropriate application schedule with periods of fluoride induced 
osteoblast stimulation and intermittent recovery periods, both assisted by 
supplementary vitamin D. This, however, requires a careful further explora- 
tion by means of more animal experiments and additional clinical studies. 

SUMMARY 

This quantitative-histological study deals with structural and turnover 
changes in 48 serial bone biopsies obtained from 16 osteopi^rotic patients 
treated with sodium fluoride. Control biopsies at the beginning of the ther- 
apy confirm the diagnosis of senile osteoporosis by the presence of an 
atrophic trabecular framework and a marked reduction in the number of 
osteoblasts. The main effects of fluoride administration are as follows: 

1. Volumetric density of cancellous bone shows a marked increase, reach- 
ing about twice its original value after 80 weeks of treatment. This augmen- 
tation is mainly due to an apposition of new bone on the surface of pre- 
existing trabecula. 

2. The positive skeletal balance is caused by a tremendous stimulation of 
bone formation. Thus, the average surface extent of osteoblast layers reaches, 
after 40 weeks of treatment, a maximum which is 17 times higher than the 
original value. 

3. At the same time, a retardation of osteoid mineralization becomes 
obvious, its maximum also showing up after 40 weeks. In later periods of 
treatment, an apparent recovery from this mineralization delay was noted. 
This may be partly due to a reduction of the daily intake of sodium fluoride, 
and/or an additional application of vitamin D. 

4. However vitamin D, when administered together with fluoride from 
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the beeittning. couW not prevent a temporary surface osteomalacia Its main 
elTect is a marked acceleration of the other cllccls o! fiuotide, e.® 
lation of osieobUsts 


The questions may arise, whether these results represent a real therapeutic 
effect, or a more toxic skeletal alteration. We feel, that they at least offer 
many aspects for further investigation, in order to elaborate a more appro- 
priate application schedule which malresbenelitorthepowerfuUtimulation 
of bone formalion and reduces the ristes of mineraliration delay and other 
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The histological evaluation of bone m 
ftuoride treated osteoporosis 

F. Kuhlencorot, H.*P. Kruse, L. EcKERMtiERand 
C. L02AN0-T0NK(N 


7 patient*! v.ith osteoporosis were treated with dilTerent doses of NaF for 
%ar>ing periods of time. Tn the following, the results of the histological 
examination of bone biopsies obtained from the iliac crest and the 7th nb 
prior to and after therapy are reported. The results of other examinations 
on these patients, specifically those relating to the dynamics of calcium 
metabolism, will not be considered here Ahrens, m a separate report, will 
discuss the excretion of nuoridc by these patients (p. 175). 

PATIENTS 

The group of 7 patients studied consisted of 4 males and 3 females whose 
ages ranged between 37 and 59 years. 5 patients had primary osteoporosis in 
a severe form, while in 2 patients secondary osteoporosis m a less severe 
form was noted Theit characteristics are rcpoilcd in Table 1. Tlie daily dose 
of sodium fluoride varied between 25 and 150 mg. whereas the actual dura- 
tion of therapy ranged between 75 and J50 days. Thus, the total amount of 
T^jF administered until the ijmc of the second {jone biopsy was between 
2 15 and 33 0 g (Tabic 2) The administration of a different daily dose of 
NaF was based on a) an aticmpt to determine m a larger senes the optimal 
.imouni oT Ruondc to be given jmd, b> the necessity to adjust the dose to the 
mdiMdual because of gastromfcstmal side effects Cnausea. vomiting, diar- 
rhea, heartburn). 

METHODS 

bon= mawnal ..as obtaintd from tho .Iwc crest by Medio biopsy 
oodlor by panul meeiioo of the M nb. The uodeealc.fied tissoo was em- 
breiacd m mclbylmetaeryla! aod ground sections of 50 |. thickness were 
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Table I. Listing of patients examined noting age, sex, type of osteoporosis, and 
important skeletal findings. Tlje evaluation of the stage of osteoporosis was based 
on clinical, roentgenological and histological criteria (I == mild; II = middle; 
III ^ severe). 


Cf/sr 

Age 

(years) 

d’e.v 

Type of 
osteoporosis 

Skeletal findings 

Stage of 

osteoporosis 

d-UI] 

1 

25774/6K 

(HiiiTNCa) 

37 

? 

primary 

Scoliosis of the 
lower spine 

III 

2 

.112fi5/68 

fl-lriorMANN) 

38 

< 

o 

primary 

Kyphoscoliosis, 
fractures of the 
roof plate 

111 

3 

17871/69 

(GASTE/Ca) 

38 

0 

primary 

Fractures of the 
roof plate 

II 

4 

39001/69 

(M0i.i.En) 

48 

s 

primary 

Scoliosis, wedged 
vertebrae, tJioracic 
“cod fish” vertebrae, 
rib fractures 

III 

5 

13307/67 

(Stover) 

58 

9 

primary 

Kyphoscoliosis, 
“cod fish” vertebrae, 
fractures of the roof 
plate 

111 

6 

7991/69 

(DOtschke) 

56 

c? 

secondary? 
status post 
bilateral 
orchidectomy 
1950/5] 

Kyphosis of tho- 
racic spine, wedged 
vertebrae, fractures 
of roof plate 

I 

7 

10687/68 

(Priewe) 

59 

0 

secondary, 

multiple 

myeloma 

No deformities 

Local bone defects 

U 


oreoared. In addition, thinner sections were made and stained with azur- 
eosin and by the Goldner method. Microsections of 100 p thickness from 
the iliac crest and 7th rib were also prepared for quantitative microra lo- 
grlphy according to the JowsHv method. Measurements 
width of the individual osteoid seams of the entire, unstained, F 
mtosi ons we underteken. The arithmelicl ihean of .he mdmdo» 
in mictons is lis.ed in Table 3. The ...icreradibgraph)' 
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Table 2. The average daily dose and the total dose of NaF were computed from 
the duration of NaF therapy and the daily administered dose. 

C<isf 

Total dost 
S(iF 

Daily c/ose 

(t»S) 

Diirtilion 

ihrrapy 

(days)* 

Aieragf 
daily (lose 

1 

2 15 

25-50 

75 

28.7 

2 

10 90 

50-100 

159 

68.5 

t 

33.00 

100 

50 


94 3 

4 

20 35 

too 

50 

) 338 

60 2 

H 

1500 

100-130 

J32 

1136 


5 90 

50 

118 

soo 

■■ 

4 55 

50 

9) 

50 0 


• Rased on the time iniersal between the first and second histological bone 
examination ffirst examination prior to ooect of therapy? 


used qualitatively for determination of the mineralization of the ihcrapeu- 
iicnlly induced new bone 

I’rior to the bone biopsy tetracycline vwis given twice at standard intervals 
and the labels were identified under UV light 

RFSULTS 

Biopsies before and after therapy with NaF were performed as shown in 
Table 3, m order to carry out a comparative examination of the width of the 
osteoid seams before as well as after therapy 

Before analysing the individual cases (Tabic 3), it should be pointed out 
that prior to therapy, the xvidth of the osteoid seams in the iliac crest and 
rib sections showed considerable variation so that a certain amount of 
reserve must be exercised in comparing the results. The examination of the 
rib sections in cases 1, 2 and 6 demonstrated generally wider osteoid seams 
as comp.ucd to the sections from the iliac crest in these cases. On the other 
hand, osteoid seams from the iliac crest as well as from the nb prior to 
ther.ipv were v. ithin or below the physiological range Usually, considerable 
difTcreiKcs in the width of the seams in the compact as compared to the 
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Iat»!c I. f.iulri}: of p.iticnl-i oaminal nolinf; uge. sex, lype of osteoporosis, and 
inipiHlant >.1 clctal liiuliiips. I lie cs'altialfon of the stage of osteoporosis was based 
nn cli.-nr,,!. r.icnlgcnological and histological criteria (I mild; 11 == middle; 
111 '■acre). 


( ‘iirr 

^'U:r 

t'\ Ct!t^ } 

Stw 

Type of 
o.sieoporo.sis 

Slrclcial findings Stage of 

osteoporosis 

(f-mj 

i 

M 


primary 

Scoliosis of the IH 

lower .spine 

M/nrr.N/ P) 

(lllllll MSW) 

.ts 

s 

prim.iry 

KyphoscoIio.sis, III 

fractures of the 
roofplatc 


.1,8 

y 

primary 

Fractures of the ft 

roofplatc 

(GxMMi a 1 

4 

xoOOl <.') 

(Ml ! I 1 fU 

9.8 

3 

primary 

Scoliosis, wedged III 
vertebrae, thoracic 
“cod fish” vertebrae, 
rib fractures 

5 

I.t.hl7i67 

(SuOt.hi 

58 

*■ 

primarj' 

Kyphoscoiiosis, HI 

"cod fish” vertebrae, 
fractures of the roof 
plate 

f) 

799J/69 

(DOtsciiki.) 

56 


secondary? 
status post 
bilateral 
orchidcctomy 
1950/51 

Kyphosis of tho- I 

racic spine, wedged 
vertebrae, fractures 
of roofplatc 

7 

] 0687/68 
tPRirwc) 

59 


secondary, 

multiple 

myeloma 

No deformities If 

Local bone defects 


prepared. In addition, thinner sections were made and stained with azur- 
eosin and by the Goldner method. Microsections of 100 thickness from 
the iliac crest and 7th rib were also prepared for quantitative microradio- 
‘^raphy according to the Jowsey method. Measurements of the ma.vimal 
width of the individual osteoid seams of the entire, unstained, 50 p thick 
microseclions were undertaken. The arithmetical mean of the mdtwdua 
measurements in microns is listed in Table 3. The microradiograp y was 
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TaW« 1 The average daily dose and the total dose ot Tla? '««€• ^ftra^ated. from 
}be dotalion ot NaF therapy and the daily administered dose. 


Oise 

Tolaldose 

Daily dose 

Durauon 

Average 


NaF 


ffierflpy 

daily dose 


(gnO* 

(*”S} 

tdays)* 

fwsi 

t 

2.1S 

25-50 

IS 

28 7 

2 

10 90 

50-t00 

1S9 

68.5 

J; 

33 00 

too 





50 

40 ( ’5“ 

94 3 

4 

:0 35 

t-oo 





50 


60 2 

5 

ISOO 

lOO-lSO 

132 

113.6 

h 

590 

50 

ns 

50 0 

^ 

4 55 

50 

91 

500 


' “““iJ '"SWlOKMl IJQM 

examination (first esammation prior to onset of therapy). 


of minsralraiion of the therapeu- 

tica'l) induced nesv bone ^ 

wracycliw was giver, iwce at standard mtervals 
and the labels were identified under UV light. 


sssewmossUeseteisedmeompanngk^TOJ^ “''™ “f 

r,h sections J ^ ^ aainma„„„ of fte 

--pared to the sect, 

hand, osteoid seams from the crest ‘ 

■hetap). acre mkm or below the physiotofiical J/' 

Affcrenccs (he vadth ot the s^^s in “’““‘arable 

'" as compared to the 
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tiihfe .t. T iic la (lie sliou s (lie averape wultli of tlic osteoid seams from the iliac crest 
ami ril) eross-seeiions prior (o as well as following tlierapy with fluoride. The in- 
(iin)tod value-, in (/, represent the arithmetical mean of the maximal width of all the 
nstciiitl -iiMtiis present in the histological preparation. 


( f/tr 

tliac rrt'.fl 
before ilwnipy 

(tftir ilicriipy 

Jlih cros.s-.'iodion 
before therapy 

after therapy 

1 

C; 0 

S: Cl 

CN; ASp. 

S: 17(1 

C; 8 p 

S; 19 p 


*» 

CN: 1 
.S: 1 

CN; 20 p 

S; r>p 

C; 0 

S: 6 p 



C: 0 
•S: 4p. 

C: 1 p 
.S; «p 


C: I p 

S; 15 p 

*t 

C: 0 
.S: 0 

C; 0 

S: 12 p 


C; J5p 

S: 14p 

5 

C: - 
.S; lip. 



im 

t< 

C: 0 

S: 10 p 

C; 24 p 

S; jr.p 



1 

CN; 0 

S: Sp 

CN: 16 p 

S: n p 




* In thearea ofthc C - Compacia 

CN Spongiosa adjacent to the compacia 
S ■ Spongiosa 


cancellous bone were noted. Therefore, the measurements are recorded and 
considered separately. 

Following therapy with NaF (Table 2) all cases demonstrated a widening 
of the osteoid seams, although to a variable extent (Table 3). In cases 1, 2, 
6 and 7 the increase in the width of the osteoid seams in the compact and 
adjacent cancellous bone was especially distinct, as compared to that seen 
prior to the onset of therapy. Even the width of the osteoid seams in the 
cancellous bone was increased in these cases. Following therapy, tremendous 
new osteoid formation on practically all the inner surfaces of the rib section 
in case number 5 is striking. 

Double tetracycline labels, prior to NaF therapy, were occasionally found 
in cases 1, 4 and 6, whereas case number 7 was not labelled. Following 
therapy and repeated labelling, cases 4, 6 and 7 demonstrated isolated, and 
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r,fi J A sccuon or a microtadiograph of Jhff nb oross-scctwn of case number 5- 
At this time. NaF therapy amounted to a total of 1 5 0 sms administered durios 
{J: days Visibfe is the dencicni mincrajization m the areas of the penosteocytes 
of the pcM-ty fotmed bone. »eadm« to a characteristic picture of gross porosity 


case number 3 muHip\e, douWe labtVs St> cast Mmbet 2 a second dos« of 
tctracj'cbne was not given prior to the second biopsy. 

Mtctoradiogcaphical cxaminaiions of the bone sections demonstrated a 
partial TninerahiatiOTi of \hc therapy -induced new bone naatrix. Mlnerallza- 
tion was particularly deficient around the osteocyte lacunae as visualized by 
the porosity picture (Fig H 

tJlSclJSSlON 

An increase in the width of osteoid scams was noted in all the present 
cases of osteoporosis who were treated with NaF. Since this effect was quite 
lanable. howeier. the question can bo raised whether a relationship to the 
dote and duration of the therapy exists Of particular interest iti this respect 
arc patients 1. 6. and 7 Despite the smallest total dose of MaF (2.15 g, 
5 90 g. 4 55 g) for only short periods of tunc (days*. 75, 1 18, 91), an extensive 
effect on the bone was apparent, whereas m case number 3, who received 
33 b g d! TSaF ivjfhm 350 days, an only minute effect was noted. This applies 
to case number 4, as well (338 days, 20 35 g of NaF demonstrating osteoid 
scant width up to 15 51) These last two casex, however mother respects, are 
cwitcly differem from each olher since only ca^e number 3 showed multiple 
double labelling in the second biopsy. Potnhngfommeralizationof the newly 
tomicd matrix m this case which was not the case in patient number 4. 

TbemieTomdiographic examination suggcsM ehaf the tissue present within 
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rhe N.'if ' iiuluccd areas of new bone formation is atypical. Further experi- 
menlation is required to determine whether it is possible to eliminate this 
pailiolo^ieal mincrali/ation of the matrix by combining NaF therapy with 
viianiin D, and, if necessary, calcium. 

"lo iivoid misunderstandings, it .should be reiterated that measurements 
of tlic hone mass following therapy have not been included in this work. It 
is therefore not possible to demonstrate an increase in the total bone mass 
following therapy. 

■f herc was no indication, either clinical or histological, to suggest an 
activation of the parathyroid glands under the NaF therapy. 

S t h\t M A B Y 

'fhc clfcct of fluoride therapy was tested in 7 patients with primary and 
.secondary osteoporosis. NaF was administered in doses of 2.15 g to 33.0 g 
within periods of time ranging from 75 to 350 days. The width of the osteoid 
scams before as well as after therapy was measured using non-decalcified 
.sections from the iliac crest and the 7th rib. All patients demonstrated an 
increase in the width of the osteoid scams, whereby even with the lowest 
doses a distinct formation of bone matrix was evident. At the same time, 
an atypical mineralization of the newly formed bone matrix was noted. 
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The excretion of Huoride by osteoporotic patients 
under sodium fluoride therapy 

(Preliminary communicafion) 

G, Ahrens 


E^xcnstst icscatch Vyttft doae otv th<5 metabolism of fluoride. From thjs 
tspcnmema\ v-wk a tathet cleat pklutc has arisen about the pathways of 
fluoride in the human and animal body. Fluoride admimstetcd orally is 
absorbed m the gastro-intestmal trad The absorption rate depends upon 
the solubility of the given substance Fluorides with hi|h solubility will be 
absorbed up to almost 100%. The portion not absorbed will be excreted 
vxiih the feces A rigid homeosusis for (luonde is maintained by the body, 
and even high doses of fluondt wiU cause only a small and temporary 
increase of the fluoride concentrauoni in the hlooi. This rather constant 
blood level js achieved by mearts of urinary excretion and bone storage of 
the excess fluoride. Therefore the difference between fluoride absorption and 
urinary excretion determines the amount of fluoride stored in the bone. 

fn connection wuh the mvesiigations by Kuhuncordt et al. (p. 169) we 
studied the excretion of fluoride m individuals suffering from osteoporotic 
diseases Some patients received 50 mg of sodium fiuonde in gelatine cap- 
sutes once a day, while others received 25 mg twice a day. 

As or the present date our study includes 13 patients receiving sodium 
fluoride therapy for periods ranging from one day to 16 months. Following 
the administration of fluoride, the enure urine was collected over 24 hours 
m 5 to 7 portions In two cases feces were collected simohaneously The flu- 
oride concentration m urmc was determined by a diffusion technique and 
in the feces the conventional destination technique used 


results 
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I-'H;. I. Daily urinary excretion of fluoride in patients under NaF-thcrapy f50 mg 
per day). 



months 

Fig. 2. Percentage of fluoride excreted with the urine during 24 hours in patients 
with different duration of fluoride therapy (50 mg NaF per day). 
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urine increased markedly immediately after Ingestion of sodium fluoride. 
SVe found the highest level 6 hours later. After 24 hours, in most of the 
cases the urinary fluoride concentration -was nearly at the same level as at 
the bcgintnng of the eicp^riment. In those ca^ where sodium fluoride was 
administered for the first time, the excretion curves seemed to take lower 
courses (see Fig 1 left side) than those following a longer period of fluoride 
therapy (see Fig. 1) 

In order to obtain more information, we calculated the percentage of 
fluoride excreted during 24 hours in relation to the quantity ingested. In the 
calculation it was presumed that the excretion m sweat and saliva was negli- 
gible. In two cases the excretion in feces was 7.7% and 10% respectively of 
the ingested 50 mg of sodium fluoride. la the other cases fluoride excretion 
in the fcces was not determined. 

In Fig 2 the percentage excreted is plotted against the duration of the 
therapy. We have an msufllcient number of cases to evaluate these results 
statistically, but the rate of excretion tends to increase slightly with time. 

If this tendency is confirmed by further expetiinents, we must assume that 
after a certain amount of time a steady state is achieved between ingestion 
and excretion of fluoride, even where high doses of fluoride are given. 

More cases are necessary in order to be able to answer the question of 
whether the individual variations in the excretion rale can be explained by 

difrercnces in the seventy of the disease 
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Monitoring of {Inoridc dosage during treatment 
of hone disease 

J.-P. Dti.siiN*' 


1. IN'lltODUCTION 

AKliough earlier statements have reported beneficial or adverse effects of 
fliioridcs on some tissue or function in man, it seems fair to recognize Black 
and McKay’s descriptions (3, 23) of mottled enamel in 1916 as the starting 
poittt of modern research on Huoridc effects. The work is all the more inter- 
esting hccauso it led, by the very severity of the enamel hypoplasias observed, 
to tlic initial “logical” assumption that mottled teeth would be prone to 
decay. McKay himself verified in 1929 the deficiency of common sense in 
(his ca.se: "My own conviction, prior to these examinations and based on 
the observations of the past several years, was that mottled enamel was not 
more liable to decay than normal enamel, but to find it consistently less 
liable in these communities was a complete surprise.” (24.) 

The recognition of naturally- and later the development of artificially- 
fluoridated waters as a preventive factor against dental caries has followed 
at such a pace, and on so broad a front, that already twenty years ago it 
had become almost impossible for an individual research worker to keep 
abreast of the relevant publications. The efforts of Mrs. Irene Campbell (5) 
in producing as regularly as anyone could hope the “Fluoride Abstracts , 
renders an invaluable service to all those interested in most of the biologi- 
cally significant aspects of fluorides. However, amongst the abundant liter- 
ature available, much -and certainly the part of immediate interest to the 
dental professions and to public health workers -has centered on the admin- 
istration of fluoride in doses well below 5 mg of fluoride-ion per individual, 
ncr day. Notwithstanding the extensive epidemiological work carried ou in 
America the confirmation gathered in many countries all around the wor , 
and the impressive mass of physiological experimentation that bears wi ne s 

* Dr Dustin is at present seconded from the Free University ofBrussels to the 
World Health Organization. 
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to the lack of side-cfTccts of nuoride employed at carics-prolecliw dosas®. 
It IS vtell knotvit how eontroversial thir issue of prophylactic administration 
of nuoride is-even to-day. Just to ctanfy tlK position, I would merely 
tepen^ W 61 / 61 >\hat,a 4 a public health measure, the administratioa 

of fluoride for protection against dental caries is One of the best documented 
in the history of medicine (12). 

What remains (o be decided is whether such prophylaxis should be a 
matter for individual tniiiative, or one to be talkcn up by communities— 
national or otherv.\sc— depending on each local organuational paUetn. In 
considering this matter, the World Health Organization has followed its 
usual procedure: first gathering all relevant information, world-wide, thert 
evalusiting it in cooperation with (he best experts available, and finally pro^ 
ducing on Expert Committee Report for everyone to consider, and eventuaJJy 
to act Upon, No- 146 of WHO’s Technical Report Series (45) was produced 
that «ay in 1958 Vet the research explosion went on, and-coirect as it 
remaint.- Report, us btcaTr.fc npidly out-dated as it did ool, by its very 
nature anti scope, comprise the diversity of specific data, epidemiological 
and physiological, necessary to deal adequately mh the pros and cons of 
fluoride administration 
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wnrkers. Init nlso because it appears that bone rclcntion may be much higher 
(27) in (r,tcopa(bics tlu\n we arc led to believe from tlic physiological data 
In the lilcralurc. f-urlhcrjnorc, the clinical results of Huoride therapy in bone 
diseases arc dinicnlt enough to assess (10, 35) under the best metabolic ward 
cnnditmns, with the Idghcst cooperation of the patient, so that fiuoride 
therapy of such eases w'Oiild not appear advisable outside academic and/or 
research ins(itu(ionS“at least at the present time. 

The rationale of fluoride therapy for bone demineralization is derived first 
of all from the notion that to an osteoporotic patient an induced and con- 
trolled degree of osteosclerosis might be of benefit (30, 37). Although en- 
couragement in this direction was provided in 1955 by Leone et al. (17) 
show ing less osteoporosis but no ostcofluorosis in X-rays of paired subjects 
of corresponding age in high- and low-fiiioridc communities (8 parts per 
million of fluoride-ion [ppmF] compared to about 0.5 ppmF), the most 
convincing observation came from Bernstein et al. (2) in 1966 comparing 
high f2.4 to 5.8 ppmF) and low-fiuoridc (0.15 to 0.30 ppmF) areas in North 
Dakota. Having selected communities of comparable ethnic origin (of Ger- 
man or Scandinavian descent), it was shown that asymptomatic osteoporosis 
could be detected rocntgcnologically twice as often in the low-fluoride group 
of women; vertebral collapse was four times as frequent in women (aged 45 
to 65 or more) in the low-fluoride group. In men, X-ray evidence of bone 
demineralization was more frequent than in the corresponding high-fluoride 
group -although men showed no significant difTercnce in the incidence of 
vertebral collapse. 

Calcium balance measurement 

In the meantime, however. Rich, Ensinck and Ivanovich (32, 33) had 
administered high doses of sodium fluoride (up to 120 mg/day) to osteo- 
porotic cases but only two out of the six patients studied responded by a 
definite improvement. Rose (36) attempted analogous fluoride therapy to- 
gether with high calcium intake: but all four of his cases failed to change 
their calcium balance from negative to positive values. This ties in with the 
general failure of high calcium administration to maintain positive calcium 
balances in adults for more than limited periods of time. Besides, the in- 
herent difficulty of measuring such balances accurately, mainly because they 
depend on accurate fecal sampling, should inhibit the interpretation of any 
but the most positive data. Rose himself stresses the difficulties of calcium 
balance techniques in his 1967 paper on diagnosis and treatment of osteo- 
porosis, although “it is perhaps the only way at present of finding out m a 
period of only a few weeks whether or not a therapy is beneficial” (35). 
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on it'c olher hand Van Wavjen (43) showed that anabahc hormone 
iieaimcnt, together with high calcium administration, led to more calcium 
TCtentiori in osteoporosis than either measure taken in isolation 
In favour of fluoride therapy is the remarkable study of Neer, Zjpkin, 
Carbons and Rosenbero (17) where an undisputaWe positive calcium 
balance uas obtained in a case of multiple myeloma ; after some four months 
of sodiuta fluoride (3 x 20 m^day), the balance became positive and stayed 
so for at [cast a year. The study involved tracerstudies and mtercompartment 
kinetics as may be derived only by advanced studies of the progressive 
reduction of calcium specific activity with time, it appeared that fluoride 
“has major clTects on both bone accrel'ion and bone resorption, leading to 
an increase in stable bone calcium” (27). This observation is compatible 
wiih those of Lukert, Bounger and Meek (19), in that it also shoivs no 
rapid establishment of a positive calcium balance, but the labile, exchange- 
able calcium compartment appears to be reduced by the fluoride treatment, 
by about 15 / a after one week (average of the 7 casts of Lukert ct al > and 
about 40% after four months in the NeercI al.’scase. This could be inter- 
preted as a reflection of fluoride fixation in bone as it will first exchange 
super/fcial/j nitfi hydroxyls m apatite, and gradually penetrate the crystalline 
network (a) by isomorphic tccrystaUaaUon and (b) by fluoride incorporation 
m newly formed crystals This view may be supported by the 2.5-fold In- 
crease of bone fluoride in the Neer case after four months-. X-ray diffraction 
was not tried to establish whether this was accompanied by enlarged crystal- 
linity m the biopsy. This could not have been an oversight as Zipkin (1962) 

n „ ™ 0964) ta >he rat 

(.5) both Working at the time at the National Institutes of HeatiN m 

«M,,USA ..™,beg„«sed.howevcr..ta,bl e~^ 

justify a study ,hal may vt,, „dl ta., b«,u incoucLw 


A striking feature of the Neer case W 


us very high bone retention of 
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ion. iilxuil 1.1 of the fitioritlc presuinttbiy sunicicnt to .start bone fluorosis 
(npproxiiTiatciy 20 g of fltioride-ion [! 1], the equivalent of 5000 ppmF [42], 
or even 50fK) to fiOOO ppnif' [22] in fat-free dry bone). 

Moniforiiig fliioridc e.\'change.s used to be a difTicuK enterprise, not only 
(iccmisc few clinical laboratories undertake fluoride determinations, but also 
(tccausc the main methods available arc reliable only in thoroughly experi- 
enced hands. Such is still the ease, but the recent introduction of the fluoride 
electrode tnay, if accompanied by proper internal calibrations and checked 
periodically against rlistiilation and chemical procedures, facilitate the access 
of clinical laboratories to fluoride determinations. 

One of the first verifleations should be that the intestinal absorption of 
.sodium fluoride takes place with comparable clTieicncy at therapeutic and 
at prophylactic dosages (about 91%). This would need to be tested using 
enteric-coaled tablets, as the foreseeable epigastric discomfort associated 
with the ingestion of 20 mg of sodium fluoride on an empty stomach may 
modify the absorption quite notably (especially if magnesium or aluminiuni 
hydroxide is given for symptomatic relief). 

A second check should gauge the kidney functions of the subject as 
chronic renal sclerosis reduces fluoride elimination; occupational fluorosis 
has been precipitated by such a condition (Maes, Dufaux and Vanden- 
tmoucxE [20]). As it has been shown that fluoride clearance is regularly 
higher than the contemporary chloride clearance, but always below that of 
iniilin or of endogenous creatinine (Carlson et a). [6]), and as 95% of the 
plasma fluoride is freely dialysablc (Carlson et al. [7])— the remainder is 
likely to be linked to plasma protein (Cimasoni [9])— there is no need to 
postulate a tubular excretion of fluoride. This notion is corroborated by the 
ob.scrvation that rabbits (39), dying of uranium intoxication (thus practically 
without functional proximal tubules) still clear fluoride adtguately. Some 
(12) have postulated on the basis of physical chemical analogy that the 
hydrated fluoride-ion might passively follow the fate of the water of the 
glomerular filtrate— although this hypothesis requires testing, it is interesting 
as it may explain the positive correlation observed in fluoride clearance and 
water diuresis in the dog (and man) (6). In view of this, a patient with an 
adequate endogenous creatinine clearance and urea clearance should not run 
incommensurate risks during adequately monitored fluoride therapy. 

The significance of urinary excretion of fluoride should be interpreted 
dilTerently, depending on whether the subject was consistently taking fluoride 
for any reason (prophylactic, therapeutic or occupational) for several of the 
preceding months or years. Such individuals, unless their intake is as htg i 
as 10 mg/day or more, usually reach a steady state by which their dai y 
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urinary output equals their av'crage daily Intake. This correspoiwleuce, orig- 
inally described by MeCtottE and Kwser (21). has been documented for 
h\gh-Ruoridc domestic waters up to a concentration of 8 ppmF by Likins. 
^tcCLlJRE and Steere (18) and by Larger (16). Whatever the mechanisms 
at play, this relationship is of great value as an estimation of the overall 
exposure of individuals to fluoride: ie, U is currently used in industrial 
examinations of personnel handling fluorides. It should be underlined here 
that such a steady state can only be achieved by adults exposed to minimal 
or moderate daily intakes of fluoride*. L^v.GtwT (16) showed that at a 20 rag 
intake of fluoridc-ion (merely three-quarters of the most usually administered 
daily dose in bone disease) a 20 year old subject had not, after 8 years of 
exposure, reached a fluoride steady state: be was slill storing 8 6 mg of 
fluondc-ion daily. As stated above, patients under Wgb-fluondc therapy 
must necessarily be in positive fluoride balance: in view of their known 
intake, periodical urine coUecUons could be determined for fluoride, and 
the cumulati'c retention of fluoride estimated with some accuracy. In pro- 
longed treatment, the clinician could then know when he approaches the 
iTuofotic bone concentrations wnh minimal discomfort to the patient. This 
should curb most needs for bone biopsies, except for specific Ji) 5 ti?Jog/c 3 l 
reasons Reliance on the well known linear relationship between soluble 
daily doses ingested and their resultant 50% urinary ercretion and 50% 
retention m the body, even if stepped up to 18 mgfluonde*ion/day, ts clearly 
hazardous when treating bone disease. Let us a/so remember that growing 
individuals necessarily escape steady state estimations and adaptation rates 
to changing fluoride exposures: their bone growth keeps them in positive 
lluondc-ion balance substantially longer than their adult counteroiriv 
(ZiPkiN et al. (47}). ^ 

Numerous observalions of impaired kidneys cteamj araouMs o! Buoride 
currently ustd m caries prevention should nol obscure Che fact that this 
may not be so when larger amounts of (luotide ncetl to he eliminated- 
Largint (lb) describes two cases where patients with 
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itored by his ciiimilativc rclcnlion of fiiioridc, as fluorosis may be feared 
when (lie overall relcntioti approaches 20 g. Whcdicr (he risk of approaching 
this limit, nr even of exceeding it, is worth taking will of course remain up 
(0 the clinician’s judgement of (he circumstances of each ease. 


Rocnti^ciiolo^V 

If we turn from our concern about doing no harm to examine whether 
onr treatment is doing any good, we should, like most authors (i.c. Dent 
and Watson [10] and Rose [35]) rely very little on (he patient’s relief, as it 
frcfjucntly occurs spontaneously in osteoporosis. Besides, placebos have 
licen shown to give as much relief as the fluoride they represented in some 
of the observed eases. 

X-ray evaluation, particularly of representative bones such as the lumbar 
vertebrae, the pelvis and the cortex of the radius shaft (37) could be of help, 
hut eases arc described where it took two years to notice any change in 
mineralization. If this is related to (he statement— possibly pessimistic — 
(hat it will take a 30 to 60% reduction of bone mineral to show on a con- 
ventional radiograph, Laciiman (15), there seems to be room for improve- 
ment in (he techniques used. Having learned from physicists how difficult 
it is to obtain a monochromatic beam from conventional tubes, it is naturally 
difficult to make valid dcnsitometric measurements, especially if allowance 
is to be made for soft tissues. One way out might be, following Nilsson’s 
example (28), the use of monochromatic isotopic sources, such as Americium 
241 (”‘Am), the main emission of which is a 59.6 KeV X-ray beam, and 
possibly another analogous source of different hardness such as Iodine 125 
('=•■'1) (Cameron [4]). Differential measurements in transmitted photons either 
by scintillation or by densitometry of geometrically and photographically 
identical films should, at least in theory, allow monitoring for the mineral 
content of bone with an accuracy substantially better than the quoted 30%. 
Saville (37) has led the way in this direction, achieving 3-4% sensitivity by 
direct densitometry of “"Am X-ray beams. Efforts to improve the monitor- 
ing of the mineral content of bone should be attempted whenever possible, 
for they could conveniently provide the data on which to decide whether a 
treatment is effective without the inconveniences of bone biopsies. 

As previously mentioned, it can be seen that, together with many others, 

I do not believe that high dose fluoride therapy is yet ripe for any definite 
formulation— more experimentation is needed before specific therapeutic 
procedures may be recommended. 
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111. OUTLOOK REGARDING MEDICALLY CONTROLLED 
ADMINISTRATION OF FLUORIDES 

A more optimistic aspect is seen on the side of prevention. If, as Kosz 
(35) suggests, the natural history of osteoporosis consists of an increase in 
bone mass until about 20 years ol age. followed by a slow phy*ivolog\ca\ 
demineralization, a possible approach may be to enhance the growth of 
bone less prone to demineralization This could be achieved by a regular 
administration of moderate amounts (about 10 mg/day) of fluoride to 
children, adolescents and young adults between the ages of 8 and 25. To 
start earlier would mean disfiguring tooth mottling, and the amount chosen 
would allow a positive fluoride balance during much of the skeletal mineral- 
ization, as well as attainment of a steady stale within weeks or months after 
skeletal adulthood has been reached. Such medication, which I can only see 
under adequate medical control, would tend to reproduce the favourable 
situation of high fluoride North Dakotans, as described by Bernstein et al. 
(2) Even if the cumulative dosage would amount to approximately 60 g 
over about 17 years, such individuals would be m as steady a state regarding 
fluoride as theve growth would allow, prudently approwmalitig the condition 
of growth prevailing m Bartlett (Texas) where the domestic waters used to 
contain 8 ppmF McClure, McCann and Leone (22) showed by their 
detailed comparison of two cases that after life-1ong exposure to 8 ppmF 
drinking water, their subject’s bones contained about eight times as much 
fluoride as the control who spent his life m a 0 5 ppmF area; the subject's 
skefcton contained about 10% more calcium and phosphorus, in the usual 
2'- 1 calcTum over pbospborus proportion. This study also showed that, even 
at a fluoride concentration of 5 to 6 m dry fat-free bone, the skeleton 
displaced no signs of fluorosis 

Although this case may be extreme, the linear relationship established by 
ZwvtiN ti al (48) between the concentrations of fluoride in drinking water 
and the corresponding fluondc content of dry fat-free bone would readily 
allow adaptation to any dosage of the suggested order of magnitude (0.2 
to 4 0 ppmF m water m linear relation with 0 5 to 4 of fluoride-ion in 
bone) In ctTcci, at the 4 ppmF level of water fluoridation where this linearity 
« stdl maintained, the daily inUke of fhe average adult would be around 
lU mg of fluondc-ion. 

Under adequate supervision, 

"ords, let ‘'fluotuio do tor the 

And HrcsrrD, as he reflected 


. such an approach might, in Rose’s own 
bones what it has done for the teeth" (35). 
on Iherdativescaccitj of aorta calcifications 
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it) hii’h-niioriclc fjroiips conip.ireci to low-flitoridc groups, might even have 
tiilticil : ... soitiehow fliioridc l)clp.s (o keep the calcium in the bone and to 
prevent its deposition in blood vessels”, but Ibis "additional pay-olT” (13), 
reliUed tr) tl)c secondary calcification of atheroma lesions, is still another 
;ispcct, ucl! beyond the scope of this presentation. 


SttMMAK V 

1 laving recalled the solid documentation supporting prophylactic dosage 
of fitioridc to reduce the incidence of dental caries, the ease of therapeutic 
dfisage to curb or correct bone demineralization is examined. The effective- 
ness of high dosage of tluoridc in this context is difficult to establish, and 
this therapy should remain carefully experimental at the present time. Mon- 
itoring such medication should involve an assessment of the amount of 
fluoride retained by the patient, with the assurance of sufficient kidney 
function. Improved roentgenological techniques could possibly be devised 
to monitor the mineralization trends without resorting routinely to bone 
biopsies. The possible role of moderate amounts of fluoride medication 
between the ages of 8 and 25 is envisaged— as a result of the data presently 
available - as a plausible preventive measure against physiological ageing 
osteoporosis*. 
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ill hittli-lliiorido gioiips compared io low-fluoride groups, might even have 
added: somehow fluoride helps to keep (he calcium in the bone and to 

prevent its deposition in blood vessels", but this "additional pay-olT” (13), 
related to the secondary calcification of atheroma lesions, is still another 
aspect, well beyond the scope of this presentation. 

.S IJ M M A R y 

Having recalled the solid documentation supporting prophylactic dosage 
of fluoride to reduce (he incidence of dental caries, the case of therapeutic 
dosage to curb or correct bone demineralization is examined. The elTective- 
ncss of high dosage of fluoride in this context is difficult to establish, and 
this therapy should remain carefully experimental at the present time. Mon- 
itoring such medication should involve an assessment of the amount of 
fluoride retained by the patient, with the assurance of sufficient kidney 
function. Improved roentgenological techniques could possibly be devised 
to monitor the mineralization trends without resorting routinely to bone 
biopsies. The possible role of moderate amounts of fluoride medication 
between the ages of 8 and 25 is envisaged— as a result of the data presently 
available -as a plausible preventive measure against physiological ageing 
osteoporosis*. 
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R.'ithcr (fcaling with the somewhat too extensive subject of fluorides in 
medicine, this symposium was mainly devoted to studies on the efiect of 
medium doses of fluoride on Iicalthy and on sick bone; medium doses being 
defined as doses far above those used for the prevention of dental caries, 
hut heiow those inducing crippling fluorosis. 

’I he hope that .sucli medium doses might either prevent or cure osteo- 
poro.sis or otlicr bone diseases accompanied by demineralization was con- 
ccivccf approximately 15 years ago and was based on several experimental 
facts and lines of thought. 

1. The excellent preventive effect of small doses of fluoride against dental 
caries which, in the words of one of the speakers in this symposium, “is one 
of the best documented facts in the history of medicine”. The protection 
against dental caries obtained by fluoride is usually ascribed to the deposition 
of fluoroapatite crislals instead of the ordinary hydroxyapatite crisfals in 
dental enamel, As shown in one of the papers, this may, however, not be 
the only mechanism of action: fluoride accumulation and toxic effects on 
microorganisms usually responsible for dental caries, may contribute to 
some extent. Furthermore, dental enamel is a tissue very dijferent from bone, 

2. Several statistical studies appeared to show that osteoporosis occurs 
less frequently in regions with a high water fluoride content than in those 
where the inhabitant consume little fluoride. None of these statistical studies 
was, however, sufficiently extensive to be entirely convincing. 

3. Advanced fluorosis is generally characterized by a certain amount of 
osteosclerosis. Again, in the words of one of the speakers of this symposium, 
this fact naturally leads to the idea that “to an osteoporotic patient an in- 
duced and controlled degree of osteosclerosis might be of benefit”. 

The papers presented in this monograph cast considerable doubt on these 
three basic assumptions. They clearly show that fluoride treatment of osteo- 
porosis and other demineralizing bone disease is still a highly experimental 
measure and has never yet induced clearly proved therapeutic results, with- 
out simultaneously inducing some degree of a priori undesirable bone fiuo- 
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rosis. It appears clearly from the condusiom of these important experimental 
and clinical contributions, that dosage schedules and additional medications 
other than those used until now must be found and studied, if fluoride 
therapy is to acquire a definite place in the treatment of bone diseases. 

In normal and m diseased borve of experimental animals and of man, 
medium doses of fluoride induce increased formation as well as increased 
resorption of bone. The term ‘‘medium doses’* refers to much higher doses 
in rats that in man, the factors responsible for this difference in species 
sensitivity being unknov<n. Enhancement of bone formation always prevails 
over enhancement of reabsorpUon: the total mass of the skeleton consistently 
increases. Whether this increase gives a mechanical advantage to the patient, 
however, appears doubtful. While some experimental evidence points to a 
greater resistance to fracture of (he bones of animals treated with low doses 
of fluoride (after treatment with higher doses the resistance to breakage was 
equal to or lower than in untreated animals), the clinical evidence, hitherto, 
does not support the assumption that moderate bone fluorosis confers 
grealcr mcchanlral slrcngih on iht sUtelon: o fcv casts of spontaneous 
ttactutss in paticnis treated wnh high doses and in subjects eapoted to 
■ndusinal huorosis may argue to the contrary. The addit.onal bone formed 
under the .nducnce of medium doses of fluoride differs from normal bone 
by iM low rate of mineralization, by its irregular slruclure, and by its elective 
distribution m sceral p.zrts of the skeleton v,hkh unfortunately arfno 
those in greatest need of new bone for inaeasing mechanical strength nr tn 
skeleton. Exostoses occurred in a few ptients treated with "tbersm. ’ 
doses of fluonde. Some of the anomalies may be doc to roxte . n ” r 

merf.xse in ■neehjn.eallreLglh'rf =‘™ple 

by fluoroapalile, wnhoul consrdeejbly altam^e the 

the bone, ha, not been obtained with medium do*,„f„''‘’,f "f 

whether improvement, m doage forms will allow m obT * “ 

msm by nhieh medium dose, of fluoride enhance bone f " 

bone resorption i, not known at present. Several h '“'"’“"“n as well as 

discussed by the conlributors lo this monomnh i ° extensively 

these doses the renal excretion of calcium "''•h 

decrease may nol be secondary 10 increased skehTr"'"^ decreases; ibis 

but m.iy be a primary renal clfeci a„d shoi.lH 1 'P®“iott of the cation. 

If t|»dtvreascd renal excretion or cpfcinm ^ ' ' 
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llie renal excretion of calcium is supposed to be under the control of an 
yet unknown skeleto-rcnal mediator, A primary renal retention of calciu 
could lead to increased skeletal apposition, without necessarily inducii 
hypercalcemia, since the blood calcium level is kept very constant by 
interaction of parathyroid hormone and calcitonin^ 

While a kirgc number of data argue for some, as yet not very well define 
role of hypersecretion or parathyroid hormone in the bone effects of flu 
ride therapy, no data on the influence of fluoride on the secrctioi^r o 
blood levels of calcitoninc appear to be available at present. Hypffpn 
thyroidism could well account for some of the bone elTccts of fluoride, ai 
its presence in fluoride treated animals or man appears well established 
Why this type of hyperparathyroidism, as opposed to all other priman 
and secondary types of this dysfunction, is not accompanied by hyper 
caiccmia remains to be explained. Though fluoroapatites are less soh 
than hydroxyapatite and, therefore, less ready to give up calcium to ti ’ 
extracellular fluid and to the blood stream, it appears-highly unlikely that, 
in these patients, the mobilization of calcium from the skeleton could be 
impaired to such a degree as to prevent hypercalcemia. Again, in fluoride 
treated patients or animals the compensatory secretion of calcitoninc may 
difler from that observed in normal animals. 

An optimistic note on the possibilities of fluoride treatment of demineral- 
izing bone disease appears in two contributions of this monograph describ- 
ing patients treated with fluoride for more than one year. In such patients 
who were, however, given lower doses of fluoride in the second than in the 
first year, and were furthermore given additional vitamin D, the newly 
formed bone, during the second year, assumed the character of normal bone 
in histological aspect as well as in regard to mineralization. It is, however, 
not clear, at present, whether such a desirable change will occur consistently 
and whether it is due to prolonged treatment, lower doses, or additional 
vitamin D. In regard to normalization of bone structure, observations in 
patients with chronic osteofluorosis point to the possibility that the effects 
of long term exposition to higher doses of fluoride may differ from those of 
short term treatment. 

The idea to use moderate amounts of fluoride for the prevention of osteo- 
porosis by treating adolescents and young adults between the age of 8 and 
25, defended by one of the contributors to this symposium, in view of the 
facts discussed above, appears premature, even if it were possible, at present, 
to decide which individuals should be exposed to this preventive measure. 

The contributions to this symposium cerliiinly mark a milestone in the 
study of the use of fluoride in therapeutics and of the chronic pharmacology 

of this anion. 



